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ABSTRACT 


Ferrous based materials provide the largest class of P/M alloys and are of great 
industrial importance. Most P/M ferrous alloys are solid-state sintered and the final 
part contains up to 15% porosity. This restricts the use of such alloys in as-sintered 
condition and necessitates costly secondary operations. The present study investigates 
the use of novel supersolidus liquid phase sintering fSLPS) technique to achieve near 
full density in ferritic (434L) and austenitic (316L) stainless steel. As compared to 
solid-state sintering, SLPS results in higher density and thereby enhances mechanical 
properties as well. This ^dy investigates the use of up to 2 wt. % of alloying 
additives, such as Cu and B (added as NiB and FeB) for enhancing densification 
during sintering. Addition of Yttria Alumina Garnet has berai found to be beneficial in 
pps(np|ing, grain growth and enhancing the mechanical properties. 
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Chapter 1 

INTRODUCTION 


Of all engineered materials, steel is the most widely used, every year more 
than 750 million tons of steels are consumed worldwide on wrought basis [1]. Arpong 
the all steels, stainless steels are most important due to its excellent corrosion 
resistance along with other mechanical properties. Stainless steels contain 1 1 to 30 % 
Chromium. They achieve their stainless characteristics through the formation of an 
invisible but adherent and continuous chromium oxide surfece layer. In addition, to 
chromium some other alloying elements such as nickel, molybdenum, nitrogen, and 
sulfur are also added to improve specific characteristics such as re-passivation, pitting 
resistance and mechanical properties [2]. Depending upon the percentage and type of 
alloying addition, stainless steel is classified iirto five major categories namely, 
ferritic, austenitic, martensitic, duplex (ferrite and austenite) and precipitation- 
hardening stainless steels. Stainless steels find a number of applications such as 
automotive, chemical processing, medical instruments, aerospace, recreational fields, 
etc. 

Despite its applications in various fields, processing of wrought stainless steel 
suffers from several limitations. Wrought stainless steel is normally processed by 
casting and requires machining to achieve the desired dimensional precision in the 
final products. Hence, there is a continued thrust for finding a newer method for 
processing stainless steel to obtain near net shaped products. The powder metallurgy 
(P/M) route is one of the better processing techniques to obtain near net shaped 
products for the applications. Powder metallurgical stainless steels are a relatively 
small, but rapidly growing, segment of P/M market. The P/M stainless steel, like its 
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wrought counterpan derives its corrosion resistance from tlie protective chromium 
oxide layer. However, the P/M stainless steel microstructure usually contains inherent 
pores Depending on their dimensions, these pores/crevices act as initiation sites for 
breakdown of the passive layer due to accumulation of corrosion products within 
Passivity enhancing elements like nickel, molybdenum or more of chromium is added 
in order to increase the corrosion resistance of P/M stainless steel. Nowadays, P/M 
Stainless steels with improved corrosion properties are gaining wide popularity. 
However, compared to the wrought stainless steel their applications are limited due to 
their poor density, corrosion resistance and mechanicaf pit^jerries. 

Most P/M stainless steels are solid-state sintered and the final part contains up 
to 15% porosity. This is detrimental to both the mechanical properties and corrosion 
resistance. The as sintered compacts therefore require post sintering costly secondary 
operation, such as hot pressing, repress and re-sintering, and tor^ag which further 
increases cost Significant cost savings, both in processing and equipment, are 
possible by increasing the sintering temperature to supasolidus regicm. In this case 
sintering is carried out between solidus and liquidus temperature. Another approach is 
use of additives which act as sintering aids to increase the density of final sintered 
products. In addition, some of the sintering additives play a significant role in 
determining final mechanical and corrosioa prop«ties [3J. 

The present work has been undertaken to improve the properties of P/M 316L 
(austenite) and 434L (ferrite) stainless steel by sintmng at sdid state and at 
supersolidus region along with additives such as copper, boron (added in the form of 
FeB and NiB) and yttm. alumina ;^niet. 

In this thesis. Chapter 2 provides a brief introduction about the different types 
of stainless steel, their application, different types of smtering that are adcmted in the 
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present work and also includes the effect of different sintering additives on 
mechanical properties Chapter 3 represents the scope of the present on the basis of 
recent work done in P/M stainless steel. Chapter 4 describes the experimental 
procedures that are used in the present work It also includes characterization of 
powder, premix preparation, compaction, sintering, metailographic and procedure of 
determination of mechanical properties The experimental results are described in the 
Chapter 5. Chapter 6 and 7 consist of discussion and conclusion parts respectively 
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Chapter 2 
BACKGROUND 


Stainless Steel 

Stainless steels are as iron based alloys containing approximately 1 1% to 30% 
chromium Steel becomes stainless due to the formation of a thin, adherent and 
invisible layer of chromium oxide (CrjOs), which is formed on the surface of the steel 
in the presence of oxygen. This oxide layer is permanent as it heals itself in the 
presence of oxygen. The carbon content in stainless steel is usually less than 0.03% to 
over 1.0% in certain grades. Other elements that are added to improve the 
charaaeristics include nickel, molybdenum, copper, titanium, ahiminum, silicon, 
niobium, nitrogen, sulfiir, and selenium. Nickel and nitrogen are used as austenite 
stabilizers, to achieve a balance of ferrite plus austenite [4]. Molybdenum strengthens 
the passive film and improves pitting resistance. Copper and aluminum are added to 
lowo' the rate of corrosion. Titanium and niobium are added to reduce the 
susceptibility of the alloy to intergranular corrosion. 

The phase diagrams of Fe-Cr, Fe-Ni and Fe-Mo are shown in Figmes 2.1 to 
2.3 [5]. In Figure 2.1, the Fe-Cr phase diagram shows the formation of two loops, 
namely the y-loop and a-loop. Since Cr has a bcc structme it acts as a ferrite stabilizer 
and extends the a-phase, while suppressing the y-phase, resulting in y-Ioop. This 
divides the Fe-Cr phase diagram into fee and bcc regions. When Cr is less than 12- 
13%, an austenite to ferrite transformation occurs on cooling within the loop. But 
when the Cr content is greater than 13% no transfemmation occurs [6J. The Fe-Cr 
phase diagram at low temperatures is not a complete range of solid solution. There is 
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an intermediate' phase formed at 821“C called a-phase. This phase has a tetragonal 
structure and is hard and brittle. Presence of this phase will lead to embrittlement of 
the alloy [6] Nickel is added to iron to stabilize the austenitic phase, since it has the 
same fee structure The phase diagram of Fe-Ni in Figure 2.2 shows that the y-loop is 
formed at less than 5% nickel. Molybdenum is added to increase the pitting resistance 
of stainless steel. Since it is added in very less amount it does not significantly affect 
the formation of y-loop. The Fe-Mo phase diagram is shown in Figure 2 3. The 
ternary phase diagram of stainless steel is shown in Figure 2.4, which shows the 
critical composition for stainless steel 

2,1 A Types pf Stainless Steel 

According to alloying elements the various types of stainless steels grades are 
shown in Figure 2.5 [8]. Though there are many grades of stainless steel available in 
the market, stainless steel is commonly divided into five groups: ferritic, austenitic, 
martensitic, duplex and precipitation-hardened stainless steel. 

Ferritic stainless steels 

Ferritic stainless steels possess body centered cubic (bcc) structure. It has 
chromium content varying between 1 1 to 30% and ferromagnetic in nature. They 
have good ductility and formability, but high-temperature mechanical properties are 
relatively inferior to the austenitic stainless steels. Toughness is limited at low 
temperatures and in heavy sections. Their high temperature stretch is poor vdien 
compared to austenitic grades. Their main advantages are their resistance to chloride, 
stress corrosion-cracking, atmospheric corroaon and oxidatiem at a relatively low 
cost. Sulfur or selenium may be added to some grades to improve machinability This 
alloy can only be hardraied by cold worta'ng. Categories of ferritic stairdess steels are 
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Figure 2.2 Fe-Ni binary phase diagram [5], 
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405 (low Cr, added Al), 409 (lowest Cr), 434 (contains Mo), 436 (contains Nb), 442, 
and 446. They are used for decorative trim, sinks, and automotive applications, 
particularly exhaust systems, household utensils [9] 

Austenitic stainless steels 

Austenitic stainless steels are noted for high tou^ness, strength, ductility and 
formability. This constitutes the largest stainless steel family in terms of number of 
alloys and usage. Austenitic stainless steels have an austeiatic; face centered pubic 
(fee) crystal structure. Austenite is formed through the generous use of austenitizing 
elements such as nickel, manganese, and nitrogen. Austenitic stainless steels are 
effectively nonmagnetic in the annealed condition They cannot be hardened by heat 
treatment, but can be hardened significantly by cold-working. Some ferromagnetism 
may be noticed due to cold working or welding. They typically have reasonable 
cryogenic and high temperature strength properties. Chromium content typically is in 
the range of 16 to 26%; nickel content is commonly less than 35%, and manganese up 
to 15%. There are two basic categories of austenitic stainless steels, the 3xx series 
having chromium-nickel alloys such as 304 (18% Cr-8% Ni>, 316 (16-18% Cr, 11- 
14% Ni, min. 2% Mo), 317 (min. 3% Mo), 3I7L (max. 0.030% C, max. 0.75% Si), 
317LM (rain. 4% Mo), 317LMN (min. 0.15% N), 321 (contains Ti), 347 ( contains 
Ta/Columbium) and the 2xx alloys containing manganese-nitrogen alloys such as 
201, 202, and 241. The alloys having nitrogen will have higher strength when 
compared to the other alloys. Molybdenum, copper, silicon, aluminum, titanium and 
niobium may be added to improve specific properties like pitting resistance or 
oxidation resistance. They are used for chemical processing equipment, for food, 
dairy, and beverage industries, for heat exchangers, automobile industries, etc [10]. 
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Martensitic stainless steels 

Martensitic stainless steels are essentially alloys of chromium and carbon that 
possess a martensitic crystal structure (boby centered tetragonal) in the hardened 
condition. They are ferromagnetic, hardened by heat treatments, and are usually less 
resistant to corrosion than some other grades of stainless steel. Apparently this type of 
stainless steel is corrosion resistant only in relatively mild environments i.e., around 
4-6 pH [6J. Chromium content usually do^ not exceed 18%, while carbon content 
may exceed 1.0 %. The chromium and carbon commits are adjusted to misure a 
martensitic structure after hardening. Excess carbides nmy be present to enhance wear 
resistance or as in the case of knife blades, to maintain cutting e<%es. Usually 
molybdenum and nickel are added to improve the corrosion resistance and toughness. 
Sulftir or selenium is added in some cases to imfffove machinability of martensitic 
stainless steels. Categories of martensitic stainless steeh are 410, 410S (lower C %), 
414 (2% Ni), 416(containing P, S), 420(higher C %), 43I(higher Cr %), 440(higher C 
and Cr %). They are used for highly stressed parts needing the combination of 
strength and corrosion resistance such as fastaiers, springs, cutlery, screw machine 
parts, valves and pumps, surgical instruments etc [10]. 

Duvlex stainless steels 

Duplex stainless steels are a mixture of bcc ferrite and fee austenite crystal 
structures. It contents chromium-nickel-molybdenum alloys that are balanced to 
contain a mixture of austenitic and ferritic. Tire amounts of alloying elements are 
cliromium 18 to 26%, nickel 4 to 7% and molybdenum 2 to 3% [11], Most duplex 
stainless steels are intended to contain around equal amounts of ferrite and austenite 
phases in the annealed condition. The principal alloying elements in duplex stainless 
steels are chromium and nideel, but nitrogen, molybdmium, copper, silicon and 
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tungsten are added to control structural balance and thereby impart corrosion 
resistance characteristics Duplex stainless steels generally have similar corrosion 
resistance to austenitic alloys except they typically have better stress corrosion 
cracking resistance. Duplex stainless steels also generally have greater tensile and 
yield strengths, but poorer toughness than austenitic stainless steels. Duplex stainless 
steels have better stress-corrosion cracking resistance than austenitic and improved 
toughness and ductility compared to ferritic stainless steels. The common grade of 
duplex stainless steel is 2205 [10]. Some of the applications of this kind of steels are 
Sea water applications heat exchangers, desalination plants, food pickling plants etc. 
Predvitaiion hardened stmnte^ steels 

Precipitation hardened stainless steels are chromium-Ttickel alloys containing 
precipitation-hardening elements like copper, aluminum or titanium. The 
precipitation-hardened stainless steels are either martensitic or austenitic in annealed 
condition. The precipitation-hardened stainless steels have good ductility and 
toughness with moderate to good corrosion resistance. The well-known precipitation 
hardened stainless steel is SI 7400 grade, which is a chromium-nickel alloy containing 
coppQ' as the aging element [2]. 

2.1.2 Selection of Stainless Steel 

The selection of the type of stainless steel used depends upon various factors 
and the environment and type of application for which it is to be used. Martensitic 
stainless steels are used only in mild environments when compared to the other 
stainless steels, but it has higher strength and w^r resistance. Austenitic stainless 
steels have good ductility, formability and corrosion resistance. Ferritic stainless 




Figure 2.5 Compositional and property linkage in the stainJes steel family [2]. 
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steels have lesser corrosion resistance than austenitic stainless steels, but are preferred 
relatively because of their low cost and magnetic property. Precipitation hardened 
stainless steels have better mechanical properties than other types of stainless steels 
but their corrosion resistance is moderate. Duplex stainless steels have improved 
corrosion resistance than austenitic stainless steels and exhibit higher toughness and 
ductility than ferritic alloys. The general characteristics that are to be considered 
while selecting a type of stainless steel for an application are follows: 

• Corrosion resistance 

• Resistance to oxidation 

• Strength and ductility at service temperatures 

• Stability of the properties at various service conditions 

• Physical property characteristics such as magnetic properties, thermal 
conductivity, electrical resistance 

» Toughness, ductility and rigidity 

• Resistance to abrasion 

• Cryogenic strength 

• Retention of cutting edge 

• Ambient strength 

• Elevated temperature strength 

2»2 P/M Skinless Steel 

There has been an enormous increase in the requirement of P/M stainless steel 
as it finds various applications. The growth rate of P/M stainless steel has increased 
from 4500 short tons (4100 metric ton) in 199640 8157 short tons (7432 metric ton) in 
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stainless steel and hence the powder producers are still 'working on the further 
development of P/M stainless steel Optimum sintering parameters are also being 
developed, as stainless steel part producers continue to improve the control of their 
sintering operations. The various grades of stainless steel powders and their 
compositions are shown in the Table 2.1. Among the various grades most widely used 
P/M stainless steel parts are made up of 300 (austenitic) series and 400 (ferritic and 
martensitic) series. The 300 series are typically us«i in applications that require good 
corrosion resistance, while the ferritic ^des are used in applications that require 
good magnetic properties and thermal conductivity. The characteristics of various 
grades of P/M stainless steel, their description and designation are shown in the Table 
2.2. The selection of various grades for the applications is based on a number of 
considerations. Cost and corrosion resistance is the key property for majority of 
applications as in the case of wrought stainless steel. The other addittmal properties 
that are considered include magnetic characteristics, mechanical properties (both 
room temperature and elevated temperatures), macfhnability and faardenability. 

2.3 Application of P/M Stainless Steel 

Figure 2.6 shows some of the sintered stainless steel parts. Figure 2.7 
shows the P/M parts market of stainless steel products in worldwide. From the figure 
it is clearly evident that automotive parts are the most significant apphcation sector 
for PM stainless st€»I. A substantial quantity is used for making the parts possessing 
control interconnected porosity for filtration, flanges, mid sound attenuation. Also 
sintered stainless steel parts are used in hardware electrical system, household 
utensils, etc. sector. The various areas where the stainless steels are used are shown in 


Table 2.3. 
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2.4 P/M Processing 

The P/M process has several success in ancient times (probably as early as 
3000 BC) with application of coins and implements in ancient Egypt, gold-platinum 
powder compacts by the Incas, copper coins in Germany and platinum crucibles in the 
1800s in England and Russia. The modem era is traced to Cootidge’s experiments in 
the early 1900s and production of tungsten lamp filaments fi3r the fight bulbs, a 
process that still used today. By the 1930s several products emerged, including porous 
bronze bearings, tungsten radiation container, cqpper-graphite elamicai contacts, 
cemented carbides for metal cutting, and the first steel mechanical components. Early 
P/M products were applied to mostly low stress, moderate compl&c componmits as an 
alternative to machining. By the 1960s interest in the net shaping attribute of P/M 
emerged. Aerospace uses grew with the development of fill! density^ fabrication 
techniques such as hot isostatic pressing. In the 1970s there emerged recognition of 
the rapid solidification rates possable in powder atcmszaticm, allo 3 rmg the production 
of new compositions with noble properties [13]. 

Today, the largest activity is in associated with fbrmis afioys, some iron, 
and many steels. Ferrous alloys constitute the dominant powders, and stractural 
automotive components constitute the dominant applications. Attamment of the desire 
mechanical properties requires alloying to form high strength steels during sintering. 
The combination of low production cost and high sinterof i^brength dominates the P/M 
selection criteria. Production technologies that allow high final densities include high 
temperature sintering, powder forging, powder rolling, injection molding, infiltration, 
hot isostatic compaction, pneumatic forging, and worm compaction [13]. 
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Table 2.2 Characteristics of various grades of P/M stainless steel [I], 


esignatiott 

Description H 

Characteristics 

)3L 

Pree machining ' 
austenitic grade 

Design for parts that require extensive secondary rrachining 
operations ft has high strength and hardness. These alloys 
have marginally corrosion resistance. Sulfur added for 
machittability. 

)4L 

Basic aust«iitic ' 
grade 

Most economicai of aust«htic grades, \3sed where material 
cost is large percentage of the total manufacturing cost. It ahs 
better corrosion resistance than 303L. Macihnability is good. 

6L 

■ 

Standard 
austenitic grade 

This alloy offers better corroskm resistance and machinability 
dian 3ML. Wfth careftd processing it can me^ the corrosion 
resistance requirements of the more demanding applications. 

7L i 

Premium 
austenitic grade ^ 

^ It is. a. highec Mo oouteat austemtk. grade pcocessiug excellent 
resistance to corzvsiottf especially to crevice corrosson. 

. .. . , , 

9L 

Weldable ferritic 
grade j 

j 

A weldable grade of stainless steel containing Nb, which 
j prevents sensitization. It is a magiKtic ^loy with good 
i dwSslity and fait costosjoa tesistasw^. 

IL 

Standard 

ferritic/marteositic 1 
grade 

This fatidc grade can be readily converted to a martensitic 
alloy by addition of small amount of carbon prior to 
processing, which will also make it responsive to heat 
tseaSiaseist. ha the fessiSk. form the alloy is ductile and 
machinable, whereas in the martensitic form it is hard with 
r^ce duciSity, la &€ mmtensitac fona it is used m wear 
r^istance applications. Both forms of alloys are magnetic. 
The martensitic form has the lowest corrosion resistance of 
alt PM stiMess steel grades. 

M34L 

Premium ferritic 
grade 

Used for applica^ons requiring smne cmroskm resistance but 
where economics is the main concern. These grades can not 
usually be converted in a martansitic aDoy. Corrosion 
resisUasoe tmd maclBiadj^y are shg]hSly bertes thaa.410L. 
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Table 2.2 Characteristics of various grades of P/M stainless steel £1] 


Description 


Characteristics 



304L 


409L 


Pree machining I Design for parts that require extensive secondary machining 
austenitic grade ^ operations ft has high strength and hardness. These alloys 
have marginally corrosion resistance. Sulfur added for 
machinability. 


Basic aust«iitic 
grade 


MoS «x>nomica^ of austenitic grades. PJsed where material 
cost is large percentage of the total manufacturing cost. It ahs 
better corrosion resistance than 303L. Machinability is good. 



Standard I This athy offers beder corroskm resistance and machinability 
austenitic grade | dian 3ML. c^eM pro^^sang it can meet the coirorion 
[ resistance requirements of the more demanding applications. 



Itisa-bighec 
resi^ance to 



430L/434L 


Weldable ferritic 1 A weldable grade of stainless steel containing Nb, which 
grade prevents sensitiz^on. It is a alloy with good 

ductility and fait cottosum tesistsncie. 

I' 


Standard i TMs fmiric grade can "be readily converted to a martensitic 
ferritic/martensitic alloy by addition of small amount of carbon prior to 
grade | processing, which will also make it responsive to heat 
treaSsaeot. Isk das fstrids fosta das alloy ia ductile and 
machinable, whereas in the martensitic form it is hard with 
reduce ducffiity. In fire martensitic form h: is os^ in wear 
resistance applications. Both forms of alloys are magnetic 
The martensitic form has the lowest corrosion resistance of 
aE PIM. staadsss steel 
r 


Premium feiriric | Used &r ^licatiois rerpiirlng some ccnrosion resistance but 
grade f where economics the main concern. These grades can not 
usually be ccHiverted in a marter^hic alloy. Corrosion 
L rsKStasscs tmd machMaafeidty are sEgJsdy bsttes tW 410L. 
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Figure 2.6 Some typical P/M stainless steel products [12]. 
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Table 2.3 Application of sintered stainless steel [I] 


Application area 


Automotive 
Exhaust system flanges 
Sensor bosses 

Antilock Breaking System sensor ring 

Rearview mirror mounts 

Brake components 

Seat belt locks 

Windshield wipet pinion 

Windshield wiper arms 

Manifold heat control valves 


Hardware 
Lock components 
Threaded festeners 
Fasteners 

Quick-disconnect levers 
Soacers and washers 


Electrical and Electronic 
Limit switches 
G-frame mofmr sleeves 
Rotatory snatches 
Magnetic clutches 
Electrical testii^ probe jaws 


■ Water and gas meter parts 
Filters- liquid and gas 
Recording fuel meters 
Fuel flow meter devices 
Pipe flange clamps 
Plumbing fixtures 
Sprinkler system nozzles 
Shower heads 


Alloy 


) 409L, 434L 
i409L,4ML 
[' 410L, 434L 
j 434L, 430L, 316L 
1 434L 
j 304L 
\ 

316L 

1304L 


304L,316L 

303L, 3Q4L, 316L 
303L. 3I6L 
316L 


UlfSL 

303L 

316L 

UlOL 

3J6L 


C^fice equ^mmts ^ 

Non-magnetic cards stops j 

Dictating machine switches 

Computers knobs 1 

316L 

316L 

316L 

Miscellaneous I 

Coins, medallions ' 

j316L 

Dental equipments j 

' 304L 

Watch cases 

1 3i6L 

Fishing rod guides 1 

p04L,316L 

Photographic equipments j 

i 316L 

Cam ciesEls ' 


Dishwashers components | 

'504L 

Can opener gears 

1 410L 
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Powder metallurgy by definition, is a process whereby a solid metal, alloy or 
an ceramic in the form of a mass of dry particles, normally less than 150 pm in 
diameter, is converted into an engineering component of pre-determined shape and 
processing properties which allows it to be used in most of the cases without further 
processing [13], There are three important ^eps while processing a powder 
metallurgical product. They are follows - 

(i) Powder production 

(ii) Powder compaction 

(iii) Sintering 

Ferrous metal powders can be produced by several physical, chemical and 
mechanical methods listed in Table 2.4. Atomization is the important process by 
wdiich metal powders are prepared. The dispersion of a molten metal into particies by 
a high pressure gas or water stream is called atomization [13]. Powders of high purity 
are produced electrolytically. The behavior of powder during the subsequent 
consolidation process is determined by both particle and bulk properties. A powder is 
characterized, therefore, not only by chemical composition but also through particle 
shape, size and surface chemistry and in bulk by compressibility. Stainless steel 
powders are pro<hiced normally in the prealloyed form since it has heavy alloying 
additions. Producing stainless steel by premixed powders will result in a non- 
homogenous mixture. Stainless steel powders are jmoduced by water atomization and 
gas atomization techniques. 

The metal powders are compacted into required shape and size in a die. The 
powders are transfored into a die and uniaxial pressure is applied on the die to 
produce a green conq)act. During compaction the powders get compressed and attain 
a certain density called the green density. A lubricant is used in order to reduce the 
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Table 2.4 Production of ferrous metal powders £14]. 


Powder Production Techniques 

. - 

Powder Shape 

Mechanical technique 

iTiegoiat 

Electrolytic technique 

1 

Dendritic or sponge like 

L _ 

Oxide reduction and reaction 

Sponge 

I- 

Carbonyl decomposition 

Nearly spherical 

Atomization ! 

1 

1 

a) gas atomization 

i 

[ a) Spherical 

i 

b) water atomization 1 

1 

t b) Nearly rounded 

c) centrifugal atomization | 

^ c) Spherical 

[ 

Vaporization technique j 

] 

Faceted or cubic 

[ 1 



Figure 2.8 Densification during compaction by changes in particle arrangement and 
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friction by the die walls and for easy removal of the compressed sample [13] The 
densification of the powders during the compaction is shown in the Figure 2 8. 

The compacted green sample is then subjected to a thermal treatment called 
‘sintering’ in air or in reducing atmosphere or in vacuum. Atmospheric sintering is 
used only in case of ceramics as most of the metals get oxidized if sintered in 
atmosphere. For metals a reducing atmosphere or vacuum or an inert atmosphere is 
used. A reducing atmosphere is usually preferred as the oxides that are present on the 
surface of the atomized powders get reduced during sintering. Depending upon the 
sample composition the sintering temperature, time and atmosphere are selected. 
During sintering lubricant is evaporated and porosity is reduced by metal transport 
involving surfkce and volume diSusion. This leads to chemical bonding of the 
particulate. As sintering proceeds, the original inter-connected porosity is reduced, 
closed pores are formed, and the overall shrinkage is controlled to ensure the final 
dimensions of the compact come within the required engineering tolerances [14] 

2.5 Sintering 

Sintering is binding the particles together at high temperatures. Sintering may 
be considered the process by which an assembly of particles, compacted under 
pressure or simply confined in a container, chemically bond themselves into a 
coherent body under the influence of an elevated temperature. The temperature is 
usually below the melting point of the major constituent [15], Sintering can also be 
defined as a thermal treatment fbr bonding of particles into a coherent predominately 
solid structure by mass transfer events that usually occur on the atomic levels [16], 
The driving force fi>T any solid state sintering is the decrease in the total surface 
energy, which occurs by reduction in surf^ area with formation of inter-particle 
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boiids. Accontpanying the inter-partide bonding are significant changes in the pore 
structure and compact properties such as strength, ductility, conductivity, magnetic 
permeability, and corrosion resistance. There are several variants that affect a 
sintering process such as the presence of multiple phases, application of pressure, 
sintering time, sintering temperature, particle size, presence of activators etc. Based 
on the application of pressure sintering is divided into two major classes as pressure 
assisted and pressure-less sintering. Most of the sintaing operations are performed in 
the absence of external pressure called pressure-less sintering. But for many high 
performance applications, high densities are attained by means of an external jnessure 
during sintering. The Figure 2.9 shows the various types of sintering operations that 
are used [16]. 

For understanding the basic concepts of sintering, considering the simplest 
approach of two spherical particles that are in contact with each other as shown in 
Figure 2. 10 In the powder compact, there will be many such contacts as shown in the 
figure. As the sintering process progresses the bonds at the contacts enlarge and at 
each contact a grain boundary grows to replace the solid-v^)or interfece. If the 
process prolongs for a longer time then these two particles will coalesce to form as a 
single particle of 1.26 times the original diameta- [17]. 

There are various mechanisms proposed for the particle diffusion at the neck 
area. The various processes that can occur at the neck area during sintern^ are shown 
in the Figure 2.1 1 [13], There are three main stages that take place during a normal 
sintering operation. During the initial stage point contacts in the particles are 
transformed into sintered bridges called as necks. After sometime the neck growth 
takes place and the grain boundaries are formed between two adjacent particles in the 
plane of contact. In the second stage the pore structure becomes smoother and has an 
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interconnected, cylindricai nature as the properties of the compacts develop. A 
coherent network of pores is formed at the grain boundaries and a new microstructure 
develops In the final stage of sintering, the isolated pores become spheroids. The 
places where the gases cannot be diffused out are enclosed and further densification 
becomes impossible as soon as the gas pressure reaches equilibrium with the surface 
tension. 

2.5.1 Solid-State Sintering 

Solid state sintering is carried out at temperature (Tsat composition Xs) below 
the solidus line/ melting point of the constituent powders as shown in Figure 2.12. 
The driving force for solid state sintering is excess surface free energy. Sintering is a 
complex process and for any given metal and set of sintering conditions there are 
likely to be different stages, driving forces and material transport mechanisms 
^sociated with the process. 

Different Stages of Solid-Staie Sintering 

One of the basic aspects of sintering is that it usually takes place at a constant 
temperature and the time is varied to achieve cert^ result. Consequently, it becomes 
useful 'to attempt to describe the stages of sintering in terms of their relative order 
with respect to time. According to R.M German and ffrischhom [15,16] solids state 
sinteririg is divided into six stages; 

(i) Interparticle bonding among particles 

(ii) Neck growth 

(hi) Closure of pore channeis 

(iv) Rounding of pores 

(v) Pore shrinkage (densification) 
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(vi) Pore coarsening 

2.5. 1.1 Limitations of Soiid-State Sintering 

Solid state sintering process has some limitations These are follows: 

(a) As the whole solid-state sintering process occurs in solid-state, the diffusion rate is 
slow compared to the other sintering process. So, this process takes more time 
than others, 

(b) Generally the sintering concqjt deals with the powders of spherical shapes tliat 
sinter under isothermal conditions But in reality, most of the powders are non- 
spherical in nature with wide particle size distributions. 

(c) Compaction repacking the particles, collapses large pores, and enlarges the 
particle contact but may introduce new defects. 

(d) It should be noted that, though we are providing the holding time at maximum 
temperature, most of the bonding between particles occurs prior to that. 

(e) Again the assumption of isothermal conditions may not be valid for most of the 
models. Actually, the compact faces a very dynamic situation, with gradients 
introduced by thermal stresses and atmospheric interaction. In many cases the 
gradients have a significant effect on the sintering process [ 16 ]. 

Because of these problems, the available diffusion data does not always reflect 
the actual sintering processes. In industry the feating rate is not very slow and 
sintering time is short also. This will lead to the errors in actual calculation. However, 
these problems have been reconciled by the use of new crmqniter simulation 
techniques that attempt to unbrace all of the complexities of real sintering situations 
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2.5.2 Liquid Phase Sintering 

Liquid phase sintering is a widely used fabrication process in powder 
metallurgy for both metallic and ceramic products. Pressure-less sintering often 
requires the presence of liquid to eliminate all porosity or to achieve a desired amount 
of chemical homogenization. The liquid phase sintering is carried out at temperature 
(Tl at composition Xs) above the melting point of one of the constituent powders as 
shown in Figure 2. 12. in such a system the liquid formed will enhance mass transport 
and therefore rapid sintKing. Liquid phase sintering may be defined as sintering 
involving a coexisting liquid and particulate solid during some part of the thermal 
cycle [19]. The liquid phase during sintering can be obtained by two different ways, 
one by melting one of the components during sintering or by formation of a eutectic 
melt. Also the liquid phase formed may be transient or persistent during sintering 
depending upon the solubility relationship. Beyond this a prealloyed powder can be 
sintered by having the sintering temperature between the solidus and liquidus 
temperatures. This is called as supersolidus liquid phase sintering [21] The ideal 
phase diagram for liquid phase sintering is shown in the Figure 2.13. The main 
requirements for liquid phase sintering are high melting point difference between the 
solid phase and the forming liquid phase and there should not be any high temperature 
intermediate phase formation. In order to avoid swelling, the solubility of the solid 
phase in the liquid phase should be higher than the solubility of liquid phase in solid. 

The driving force for liquid phase sintering is the reduction in interface energy [16]. 

The effect of liquid phase on the densification in liquid phase sintering is shown in the 
Figure 2.14. The figure shows the stages of liquid phase sintering and the effect of • 
liquid volume on the sintered density. Huppmann et.al. [21] studied the elementary 
stages of liquid phase sintering and reported in detail. In the absence of any liquid, 
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sintering takes place by solid state sintering. On the other hand if there is excess of 
liquid phase then the compact may not hold its shape and slumping of the sample may 
occur. When the liquid content is intermittent, then the compact holds the shape but 
the liquid is not enough to fill the void spaces. In this case densification is increased 
by rearrangement of particles due to c^iflary force and then by solution 
reprecipitation. 

The various stages of the evolution of a clasrical liquid phase sintering 
micrdstructure are shown in the Figure 2.15. The three main stages of liquid phase 
sintering are; particle rearrangement, sofution-reprecipitation, and final-stage sintering 
through particle coarsening. During the initial stages the densification takes place by 
solid state sintering of the solid particles. As the temperature further increases, the 
low melting phase forms liquid. The solid particles will dissolve within the liquid and 
rearrangement process occurs. The liquid phase formed acts as a carrier fixr the solid 
particles in solution reprecipitation stage, wherein the smaller grains get preferentially 
dissolved in the liquid and after crossing the solubility limit r^necipitated on the 
larger grains. The last st^e will be densification of the solid skeleton formed and 
pore rounding takes place resulting in the final product. 

2.5.2. 1 Transient liquid Phase Sintering 

An interesting variant to traditional liquid phase sintering involves a transient 
liquid which solidifies by diftiisiosai homogenization during sintering [20}. In this 
processes liquid exists for a certain length of time during the sintoing cycle. In many 
material systems, starting a sintering cycle with a mixture of powders will allow a 
tramient liquid phase to form duiing sintering. Common examples are Fe-Cu, Fe-Ti 
etc. systems. In Fe-Cu sysJmn, tl» molten copper dissolves into iron to leave behind a 
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Figure 2.15 The classic stages of liquid phase sintering involving mixed powders 
which form a liquid on heating [16], 



Figure 2.16 Two binary phase diagrams showing possible conditions where transient 


liquid phase sintering can occur [16]. 
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pore which is called a secondary pore. Figure 2 16 gives the example phase diagrams 
of systems that could be processed using a transient liquid from mixed A and B 
powders In first case, a low melting temperature additive, A is used to generate the 
liquid, yet the overall composition is in a single-phase region at the sintering 
temperature. The sintering temperature is between the melting temperatures of the two 
components. Most importantly the solid does not change the crystal structure due to 
alloying with the liquid. Liquid can form during this process by eutectic formation. 
This eutectic reaction provides the liquid from inter-diffusion of the components 
during sintering. The sintering temperature is greater than the eutectic temperature 
and the final composition is in the single phase field. As the amount of liquid varies 
continuously, the process becomes very temperature sensitive. 

The requirements for transient liquid phase sintering include solubility 
between the components, with the final composition existing within a single phase 
region at the peak sintering temperature Finally we can summarize the sequences of 
steps as follows [22,23]; 

1 . Swelling by inter-diffusion prior to melt formation 

2. Melt formation 

3. Spreading of the meh and generation of pores at prior additive particle sites 

4. Melt penetration along solid-solid contacts 

5. Rearrangement of the solid grains 

6. Solution reprecipitation induced densification 

7. Diffusional homogenization 

8. Loss of melt 

9. Formation of a rigid solid structure 

10. Densification by solid state sintering 
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It is to be remembered that the actual steps depend on several process 
variables, including particle sizes, amount of additive, heating rate, and maximum 
temperature. 

A detailed investigation of the dependence of transient liquid phase sintering 
on phase diagram is discussed by German [24], The benefits of transient liquid phase 
sintering are easy compaction of elemental powdere (as opposed to prealloyed 
powders) and excellent sintering without coarsening difficulties associated with a 
persistent liquid. Transient liquid phase siirtering can be applied in processing of 
dental amalgams based on silver and mercury, porous bronze bearings, structural 
ferrous alloys, copper alloys, magnetic materials and alumina-based ceramics. 
Problems can arise in TLPS if an intermediate compound forms between the additive 
and the base. A system with an interm«liate compound would be expected to give 
swelling. However, fbr applications such as porous bronze bearings this swelling is 
beneficial. Modeling of transient liquid phase bonding in the r^ system has been 
tried by researchers [25]. 

The possible advantages of this are clear. Primarily UPS offers increased 
flexibilities in design and processing [26]. The other advantages of TLPS include a 
reduction in the processing temperature, enhanced densification, reduced 
microstructural coarsening and reduced cost by avoiding the use of expensive 
preaiioyed powders [27]. 

2.5.2.2 Supersolidns Liquid Phase Sintering 

There is always a continual move to improve the processing and properties of 
sintered products. The main driving force for this is to attain lower processing cost 
and improved products. In case of liquid phase sintering the final propoties of the 
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product rely upon the liquid phase and lots of research has been made to improve the 
properties by altering the properties of liquid phase. The use of prealloyed powders 
led to the new process in liquid phase sintering called as supersolidus liquid phase 
sintering (SLPS). SLPS involves heating a prealloyed powder at temperature T at the 
composition X as shown in the Figure 2 12; between the solidus and liquidus 
temperature to form liquid phase [30,31], SLPS is similar to that of transient liquid 
phase sintering, but the major difference is the use of prealloyed powders. During 
SLPS the liquid phase forms within the particles, causing each particle to split into 
individual grains [16], The fragmented particles undergo repacking, giving a 
homogenous distribution of liquid. The resulting sintering rate is rapid once the liquid 
is formed due to capillary action. 

The various stages of densification during SLPS of a prealloyed 
polycrystalline powder are shown in Figure 2 17 The steps of SLPS are liquid 
formation, particle fragmentation, fragment rearrangement, grain packing and sliding, 
coarsening, and eventual pore elimination by solution-reprecipitation. In the first 
stage, the melt formation occurs as the prealloyed powder is heated above the solidus 
temperature. The liquid is formed commonly at the grain boundaries within the 
particles, in the inter-particle neck region and the grain interior. Tie liquid volume 
increases with temperature and at a critical temperature above solidus, the threshold 
amount of liquid exists along the grain boundaries of a polycrystalline particle [30], 
Above the threshold the grain possess enough mobility to rearrange. The 
rearrangement of solid grains occurs under the influence of the capillary force by the 
wetting liquid. The second stage of -SLPS involves solution-reprecipitation, wherein 
the small grains dissolve and re-preciphate on larger grains. In the final stage the solid 
^eleton forms and densification is slow as it is controlled by solid-state diffusion. 
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Final Stage 


Figure 2.17. Schematic diagram of densification process during supa^oiidus liquid 


phase sintering [30], 
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2.5.2.2.I Previous Research on SLPS 

The first work on SLPS was reported by Westerman [31] on prealloyed nickel- 
base superalloy Ftom this study it was noticed that near theoretical densities was 
obtained by incipient melting of grain boundaries. The mechanism of SLPS was 
explained by Lund and Baia [32], They suggested that mechanisms responsible for 
densification included, 

(i) Redistribution of liquid formed due to melting at particle contacts 

(ii) Fattening of the wetted particle contacts by a sohition-precipitation 
mechanism 

(iii) Grain growth due to solution-precipitation leading to rdease of intergranular 
liquid 

(iv) Pore elimination due to the escape of the entrapp^ gas by diffusion. 

Extensive work on densification mechanisms and microstructural evolution 

during SLPS of prealioyed powders was carried out by Tandon [30|. He worked on 
sintering mechanisms used for a wide range of alloys like Ni-based super alloys, 
austenitic stainless steel and bronze powders. Hie same author interfaced the effect of 
boron additions in austenitic stainless steel and obtained sintered densities up to 96% 
theoretical [33], Lai worked on mechanisms and mechanics of shape loss during 
SLPS on various prealioyed powders, including bronze, 316L stainless steel and T15 
tool steel. He investi^ted the shape loss during SLPS and rationalized the processing 
and material factors with regard to distortion [34], 

Lai et al [35] examined densific^ion during SLK! of a mixture of two Ni- 
base superalloys. To one of the mixtures boron is added and it was observed that it 
had a lower melting temperature. This enhanced the densification of the sintered 

i 

component German examined the interplay of processing variables to obtain full- 
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density, distortion-free shapes from preaHoyed powders [36], Extensive research has 
been carried out in order to understand the densification during SLPS by modeling. 
Liu et dl. [39,40] modeled for capillary action and densification for supersolidus 
liquid phase sintering 

2.5.2.2.2 Parameters affecting SLPS 

Both material and proofing parameter affects SLPS [14,16,30,41,42], 
Material Parameter : These are follows; 

■ ' (i) Phase Diagram 

(ii) Chemical constituent of the alloy 
Proc^sine Parameter . These are follows; 

(i) Liquid volume fraction 

(ii) Sintering temperature 

(iii) Sintering time 

(iv) Sintering atmosphere 

(v) Powder characteristics 

(vi) Heating rate 

2.5.2.2.3 Limitations of SLPS 

In spite of all the advantage, supersolidus liquid phase sintering suffers from 
certain disadvantages. ‘Hiese are as follows. 

(a) The major problem is the compact distortion. It is occurred due to too much liquid 
during sintering. 

(b) The alloying level should be reasonably high on a volume basis which helps to the 
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2.6 P/M Processing of Stainless Steel using Boride and Copper 
Addition 

2.6.1 Densiflcation Mechanisms 

Solid state sintered P/M stainless steels contain up to 15 volume percent 
porosity It is because difiusion in solid state taken place which is very slow process 
This is detrimental to both mechanical properties and corrosion resistance. The as- 
sintered compacts therefore require post sintering secondary operations, such as hot 
pressing, re-pressing and re-sintering, and forging which further increases cost 
Significant cost savings, both in processing and equipments, are possible by 
increasing the sintering temperature to the supersolidus region. Anoth®- approach to 
enhance the density of the final products is the use of additives which act as a 
sintering aid. In addition, to activating densification during antaing some of the 
sintering additives play a significant role in final mechanical and corrosion properties 
C41j. 

Of the several sintering aids that have been used for ferrous materials, boron is 
the most usefiil one which can be added in its elemental form or as a compound. 
Another effective sintering aid is copper vririch fbrms liquid at sintering temperature 
[41], 

The densification mechanisms of borides and coffer are different thou^ both 
form liquid at the sintering temperature. Borides suppress the solidus tine of austenitic 
stainless steel while it forms persistent liquid phase at sintering temperature for 
ferritic stainless steel [28], On the oth^ hand, copper forms transient liquid phase at 
sintering temperature for both grades (434L and 3 1 6L) of stainle® steel. 
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Addition of Borides 

Investigation in the sintering of iron-boron alloys has its genesis in the early 
1970s [42] with the n^earch on developing superior wear resistance materials The 
use of boron in steels, at concentration level of less than 50 ppm, was investigated 
extensively prior to this period, but boron was not used on sintering of material 
processing. 

Mashkov et at [43] were among the first to infiltrate the green and pre- 
sintered porous compacts of reduced iron powders with amorphous boron and low 
melting iron boride alloys. AH the specimens were found to execute shrinkage after 
infiltration. Klien [44] reported that rapid heating of carbonyl iron powder mixed with 
elemental boron powder (up to 0.97 wt. %) to a temperature of li75°C resulted in 
sintered densities close to the theoretical density. 

Madan and German [45] systematically investigated the denrffication 
mechanisms of water atomized iron powders and carbonyl iron powders at sintered at 
1200°C. They observed that rapid densification occurred at 1I74°C, the eutectic 
temperature of iron-iron boride. Above the eutectic temperature, liquid phase 
nucleates at the particle contacts. A combination of solubility between the liquid and 
the solid phases and a chemical reaction between the phases promotes favorable 
wetting and spreading characteristics [16], Iron boride has negligible solubility in iron 
as seen fi-om the Fe-B phase diagram in Figure 2. 18. Hence, it segregates at the grain 
boundary. The eutectic liquid penetrates the grain boundary to reduce the interfecial 
energy and forms a s^egated layer responsible for rapid sintering. Subsequent 
densification is achieved by grain shape accommodation into solution reprecipitation 
[45,46], Penetration of the iron grain boundary by eutectic liquid results in a coarse 
miCTOStructure with a continuous borides phase along the boimdaries. 
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Atomic Pfrceni Boron 
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Figure 2.18 Binary phase diagram of Fe-B [7], 
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lAidrova et al [47] conducted a similar study on coarse steel powders, iron 
prealioyed with Mo, In their study, they observ'ed that the presence of Mo reduces the 
amount of eutectic liquid Boron diffuses rapidly in iron and interacts with Mo. 

Molybdenum is a strong boride former, reacting with boron to give MoB, M 02 B, and 
M 0 B 2 Due to this boride formation amount of liquid phase decreases 

Coubiere et al [48] investigated the microstiucture evolution of iron-boron 
alloy. The focus in their study was to evaluate the use of iron-iron boride cermets as 
wear resistance materials Consequently, a large amount of boron in the range of 3.8 
to 8 8 wt. % was used in their experiments Sintering above I174°C, the 
microstructure revealed continuous layer of iron boride along iron particle boundaries. 
These experimental results indicate the propensity of boride to precipitate and form a 
continuous layer along the particle boundaries. The continuous layer of boride is 
detrimental to the ductility of the sintered alloy. 

Xiu et al. [49] used Fe-B and Fe-C master ail 05 fs in sintering of Fe-Mo steel. 
With the Fe-C master alloy as the source of carbon in the Fe-L2Mo-0.4B-0.5C alloy, 
sintered at I i20°C for 1 hour in hydrogen, they observed a sintered density of around 
99% theoretical. A rapid sintering rates and high densiff cation were attributed to 
interaction of boron and carbon The local composition at the Fe-B and Fe-C particles 
result in the formation of ternary eutectic liquid of Fe-B-C at i097“C. Molybdenum 
and boron segregated at the grain boundaries in the sintered microstructures. Such a 
densification behavior was not observed while using graphite as the source of carbon, 
in such case, the difference in local carbon composition results in the formation of 
boroncarbides instead of tenmy liquid [50], 

German et al. [70] used boron in the form of NiB. According to them by 
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resulted dual phase microstmcture in 3t6L, consisting of precipitate-free and 
precipitate-rich grains. The sintering was aided by the formation of a transient liquid 
via a peritectic reaction at 1035°C as shown Ni-B phase diagram in Figure 2 19. The 
dual phase structure resulted from the localized increase in nickel concentration 
associated with the NiB additions. Nickel stabilizes the austenite and forms 

pfecipitated-frce grains. This indicates that a minimum Cr concentration is necessary 

1 

for precipitate formation. 

Addition of copper 

Copper infiltration did not enjoy immediate commercial success when it 
was first introduced to industry in 1920s due to the fact that the process was 
characterized by excessive growth, erosion, and unstable growth pattern The problem 
of erosion was solved in 1943 by the addition of iron to the infiltrant, at the sintering 
equilibrium concentration, of 4 wt. % [5I,52J. 

Copper contributes significantly to improve the corrosion resistance of 
stainless steels. Porosity is affected by both the conqjaction pressure and the copper 
content. In the later case, and increase in the volume fraction of pores is induced by 
swelling during sintering of iron copper which is re^onsible for the distribution of 
pore area over a wide range Sintering of iron-copper is in fact liquid phase sintering, 
as the sintering treatment is carried out above the melting point of cqpper. Depending 
of the copper content the liquid phase may be stable or transient at the usual sintering 
t e m p er a tures ^jproxhnately 9 wt. % copper being soluble in gamma iron. Improved 
corrosion resistance after copper addition has been attributed to the enhancement of 
the passivation process of sintered austenitic stainless steel due to the cathodic de- 
polarization effect of hydrogen evolution and oxygen reduction. Copper inhibits the 
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attack of 316L in H 2 SO 4 by shifting the corrosion potential from an active to passive 
state [2] 

2.6.2 Effect of sintering atmosphere 

Boron reacts readily with oxygen and nitrogen in the temperature range of 
300 to 1000°C to form oxides and nitrides, respectively [53], Boron also reduces 
metallic oxides especially in the presence of hydrogen or carbon at elevated 
temperature with the formation of B 2 O 3 . a highly volatile compound [54] Loss of 
boron due to its reaction with the sintering atmosphere or oxide impurities adversely 
affects densification. 

Canon et at [55] in their expoiraents with the sintoing of 316L stainless 
steel powder with boron addition observed that full density could not be attain at a 
temperature as high as 1260°C when sintered in a 50% N 2 - 5 W 0 H 2 atmosphere due to 
a loss of boron. Similarly, Rosso ct at. [56j did not observe any significant 
densification of high Mo-Fe prealloyed powder with boron additions when smtCTed in 
a 76% N2-19% H2-5%CH4 atmosphere. Densification is hindered by the loss of boron 
and the formation of boron niftide (BN), which has a low sofubility in steel. 

Sintering of ferrous alloys with the boron dictates the necessity of 
sintering atmo^here by avoiding N 2 or O 2 . To overcome this problem is added in the 
form of borides such as FeB or NiB, 

On the other hand what the sintaiBg of j^ainless irteels is done in the 
atmosphere of H 2 /N 2 , copper reduces N 2 absorption from the atmosphere, and 
therefore it reduces the extent of chromium nitnde preriphation. 
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2.6.3 Effect of Additives on Mechanical Properties 

Borides are preferentiaHy segregated afong grain boundaries and 
increasing the strength and hardenability of steel [43] Transition metal borides 
exhibit high hardness, high melting point and extreme brittleness. Hence, it is 
expected the present of borides either as dispersed or continuous phase would 
significantly affect the mechanical properties of the sintered matwials. 

Incre^e in boron content contributes to an increase in strength. This is 
because of combination of reduce poro^ and borides phase reinforcement. Madan 
and German [57] in their experiments with coarse iron powders (Dso = 80pm) 
reported an increase in strength and a decrrase in elongation with increasing boron 
content when sintered at 1200®C for an hour. 

Molinari et al. [58] observed that the moease in mechanical properties of 
316L stainless steel sintered with boron is a combination of density and boride 
content. Gennan and Tandon [40] showed the dfect of boron and FeB addition on 
tensile stren^h and elongation of 316L stainless steel. On addition of 0 5 wt. % 
elemental boron the tensile strength incr^sed 15% but ductility decreased 
ccanpare to pure 316L- Similar trend was also observed in NiB addition. 

CoppCT has only a small influence on mechanical properties. It enhances 
the mechanical properties by decreasing porosity. Percentage elongation and UTS 
both decrease with an increase in coppo" contoit. Ilias, it is possible to optimize the 
processing of co|g>^ alloyed sintered stainless steel [2], 

2.7 A Review of P/M Stainless Steels 

Extensive r^arch has been carried out on P/M stainless steel regarding their 
sintered density,, mechanical prqj«ties and conoaon reastance properties [59-77]. 
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Tiziani et a/. [59] studied liquid phase sintering of 316L stainless steel with 20% 
copper using N 2 -H 2 atmosphere. Copper additions improved the sinterability. They 
reported that the corrosion properties of the sintered conqjonent also enhanced due to 
the addition of copper. 

Wang and Su [60] added silicon powder to 304L stainless steel and studied the 
liquid phase sintering behavior of the component. Silicon additions profoundly 
activated the sintering process by the fcwmation of a eutectic ferrite. They reported 
that the final product was a duplex stainless steel product with austenite-ferrite 
structure. 

P/M Stainless steel components from prealloyed water atomized powders 
produced by injection molding were investigated by German [61]. The main 
drawback of this method was that it requiraf roundai particles, for improved paddng 
and sintered density. 

Sharon ei ai. [62] investigated the corroaon behavior of austenitic stainless 
steel by adding nickel-based additives. The corrosion resistance of the sintered 
stainless steel increased substantially by adding I -5% of nickel based brazing powder. 
This vras attributed to the reduction of open interconnected porosity due to the 
formation of transient liquid phase. 

German ei al [63,64] studied the effect of boron addition on austenitic 
stainless steel. By addition of 0.3wt% boron near theoretical density obtained in 
austenitic rainless steel when siittering was carried at SLPS regioo. 

Danninger el ai. [52] showed the effect of wcondary pore on mechanical 
propeties in Fe-Cu system. The larger pores lower tte taiaie stiei^!^ elongation and 
especially impact strength. 
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Christian e^ al. [65] studied the fatigue endurance strength with porosity, 
average pore curvature and separation distance between pores in Fe-Cu-C system 
Baken et al. [66] showed the effect of NiB and boron on sintering characteristic of 
injection moulded 3i6L powder using water soluble binder system. This binder 
system provided mixture stability, excellent mouidability, and reasonably faster water 
leaching and thermal de-binding rate. 

Velasco et al [67] studied the effort of cof^jer and bronze infiltration on 
mechanical and corrosion r^istance properties of austenitic stainless steel. Infiltration 
improved the sintered density and mechanical properties. Bronze enhanced the 
corrosion resistance in HCt and H 2 S 04 . But copper or bronze infiltration reduced the 
corrosion resistance in HNQj. 

Puscas et a/. [68] studied the sinterii® transformation in mixture of austenitic 
and ferritic stainless steel powders. The linear shrinkage was influenced by the 
amount of ferritic powder. Moreova-, during sintering nickel difiused into the ferrite 
grain causing austenite destabilization and the formation of a mixed constituent 

Liu et a/. [69] mrasured the capillary pressure in liquid phase sintering. During 
liquid phase sintering the capillary force aris^ from the curvature of the liquid 
meniscus between neighboring particle. The capillary force is oriented isotropically 
and provides a compressive strength normal to the neck section between neighboring 
solid particles. 

Anklektor et al [70] studied the microwave sintering and mechanical 
properties of P/M copper steel. Microwave resulted in higher sintered density, higher 
Rockwell hardness and higfaa- strength compare to the conventional sintering. It is 
because of small rounded uniform distribution of pores compare to the conventional 


sintming. 
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Rosso etal. [7i] showed the effect of boron on microstracture and mechanical 
properties of P/M sintered and nitrited steel. Molinari and Rosso [72,73] studied the 
density and microstructure of duplex stainiess steel produced by mixture of austenitic 
and ferritic stainless steel powders Sintering of mixture of austenitic and ferritic 
stainiess steel powders give higher sintered density than the pure austenitic or ferritic 
powders. But microstructure contaminated by the sigma phase. Boron addition 
enhances the densificatioo and mBuences the sigma phase. 

Liu et al. [74] studied the boron enhanced sintering of Mo-steel. This study 
examined boron mainly distributed as Squid netwcnic constituents surrounded the steel 
grains during sintering. If Mo is distributed homogeneously inside the grain then 
boron remains as a solid sohition atai did not form a brittle boride phase. 

German ei al [75] showed the liquid phase sintering of Fe-C alloys with boron 
addition. The carbide forming element Mo was added to prmect boron from reaction 
with carbon (>0.4%). Boron activate the sintering proc^ of Fe-C powder mixture 
by forming a eutectic liquid phase which promotes daasification. Near full density 
was achieved with the boron addition of 0.3 wt. %. 

Kurold et al [76] studied sohition r^srecipitation meclmism in Fe-Cu-C 
system during liquid phase sintering. The driving fonx for sintering in this system 
was induced by the gap in carbon concentratkm between Fe-particles, and fromed 
differences in surface curvature. A serai-permeable layer of liquid Cu forms which 
prevents carbon diffiiaon Imt allows Fe to be transportKi between particles, there by 
enhancing sintering. 

Marchetti et al [77] studied the meclanism of bcmwi alloyed AlSi 

316L stainiess steel. Boron strongly enhanced sintering by liquid phase formation 
nnKr whtm viisift csTTffid mit ill tnife hvdfoeen at a temDerature hi&her than 
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1200°C In this condition a eutectic reaction between austenite and a complex boride 
of the type tFe,Cr,Mo)2B occurred favoring densification through liquid phase 
sititcniig 

The particulate particles such as Ai203, Y2O3, ZrOi, Th02 etc. added to the 
stainless steel in order to improve the strength which is called Oxide Dispersed 
Strengthening (ODS). Extensive research was carried out on the effect of Y2O3 on the 
sintering behavior and corrosion resistance of 316L stainless steel by Upadhyaya et 
al. [78-80] Solid state sintering was carri^ out on 3i6L austenitic powders and the 
effect of Y2O3 was studied by varying the composition from 0-S% Maximum Tensile 
strength was obtained for amples containing 4 volume % Y2O3. But the oxidation 
resistance degraded 

The effect of Ai203 oxide dispersoid on the sintering behavior and properties 
of 434L ferritic stainless steel was investigated in detail by Mukherjee and Upadhyaya 
[81-84], Ai203 was added from 0-8 volume % in 434L stainless steel samples and 
subjected to solid state sintering, it was reported that the composites having 4-6 
volume % of AI2O3 had higher mechanical properties. 
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Chapter 3 

SCOPE OF THE PRESENT WORK 

The two main types of P/M stainless steel that are used for their wide range of 
applications are the austenitic stainless steel and ferritic stainless steel. Hence these 
two types of stainless steel were selected as the materials for the present work. 
Austenitic stainless steel is chosen mainly for their better corrosion resistance and 
mechanical properties. The ferritic stainless steel is selected in area where magnetic 
properties ap4 economy comes as the basic need of the product. 

' Front effective and economic point of view, it is worthwhile to select, ftefore 
starting experiments, alloy composition, sintering parameters such as sintering 
temperature, sintering rime, sintering atmo^faere, etc. Extensive research has beep 
carried out on P/M stainless steel r^arding their sintered density, mechanical 
properties and corrosion resistance properties [60-85] Solid state sintaring was the 
method that was commonly reported as the sintering technique in most of the previous 
research work on F/M stainless steel. In the present work, a novel method for 
sintering of prealloyed powders called supersolidus liquid phase sintering (SLPS) has 
been used, in this tedmique riie j^etdloyed powders of stainl^s steel are sintered 
between the solidus and liquidus temperature, so that the homogeneous liquid phase is 
formed within the particles ths’dry producing higher densification. 

Regarding additives in most of the cas^ boron, copper, alumina, yttria etc. 
was added. Boron was mostly added in austenitic or duplex types of stainlras steel. 
No work has been done on the effect boron on ferritic stainless steel. Copper was 
mostly used in pure iron or in Fe-C Very little work has been done in stainl^s 

steel with copper addition. 
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111 the present work boron and copper was chosen as sintering additives which 
formed liquid at sintering temperature Here boron was added in the form of boride 
because boron readily forms volatile oxide which causes porosity Yttria alumina 
Garnet (YAG) was also chosen as sintering aid. It helps to increase strength by restrict 
grain growth at higher sintering tenqjerature and enhanced the mechanical properties. 
Actually in this study it is aimed to observe the synergistic effect of these additives in 
densification and mechanical properti^ of the stainless steel. Microstructur^ 
evolution has been studied as a function of sintering temperature and with additives 
Optical and SEM micrographs have been taken to observe the phase present in the 
microstructure and the distribution of por^ in the matrix. Studies of mechanical 
properties have been done by measuring hardness and t^siie properties. 
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4.1 Raw Materials 

4.1.1 Stainless Steel Powders 

Stainless steel powders that were used in the present work were 434L Ferritic 
grade and 316L Austenitic grade. The gas atomized stainless steel powders were 
supplied by AMETEK Specialty Metal Products Divisions, USA The chemical 
compositions and characteristics of the as received powder are given below 

4.1.1.1 Ferritic Stainless Steel Powder (434L) 

Chemical Composition 
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Figure 4.1 Chemical composition of the 434L powder. 
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Physical Properties 

Theoretical density. 7.86 g/cm^ 

Apparent density , 2.6 g/cm^ 

Flow rate ■ 28 s/50g 

Powder compressibility (at 50 ton/in^); 
Green density : 6.36 g/cm^ 

Green strength : 1170 psi 

4. 1.1. 2 Austenitic Stainless Steel Powder (316L) 
€hemic(d comtumHon 
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Figure 4.2 Chemical comptwtlion oftfae316L powder. 
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Physical Properties 

Theoretical density. 8 06 e/cttf 
Apparent density . 2 72 g/cm'* 

Flow rate • 28 s/50g 

Powder compressibility (at 50 ton/in^): 

Green density 6.7 g/cm'^ 

Green strength : 1500 psi 

41.2 Copper Powder 

The copper powder (Grade: 635) was supplied by ACuPowder International 
(Union, NJ, USA) The Cu powder was prepared by chemical reduction process with 
the average size of 13 pm in as received con4|(ion. 


41.3 Iron Boride Powder (FeB) 

This powder was supplied by F W Winter Inc., Camden, NJ, USA. The 
prismatic shape powder was produced by chemical synthesis process. 


41.4 Nickel Boride Powder (NiB) 

This powder was supplied fay F.W. Winter Inc., Camden, NJ, USA. The 
prismatic shape powder was also produced by chemical synthesis process. 
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4.1.5 Yttria Alumina Garnet (YAG) Powder 

This powder was supplied by Treibacher Auermet Produktionsges, Austria. It 
contains two types of aluminium yittrium oxides, AI5Y3O12 and AIYO3. Table 4 1 
shows the chemical composition of YAG powder. 


4.2 pQW<|iBr Characterization 

The as received powders were characterized for their size distribution and 
morphology For the characterization techniques only a small part of the samples were 
utilized and assumed as representatives of the bulk ^mples. 


4.2.1 Particle Size and Size Distribution 

Particle size determination was carried out using a laser-scattering size 
analyzer (model; Economy, Laser Klasse 1; supplier. Fritsch, Germany). Low angle 
Fraunhofer light scatteri% by monochromatic laser and dispa^ particles were used 
in this case. Particles were suspended in a moving fluid. The suspension was made 
using i to 3 g of powder in ai^roximately 60 ml of distilled water with 10% sodium 
metaphosphate. The particles are passed through a laser beam in a circulating water 
stream. The light is scatter&i after the interaction with the particles, and the intensity 
is measured by strategically placed detectors. Particle size affects both the intensity 
and angular extent of scattering. With coherent light the angle of scattering varies 
inversely with the particle diameter. The scattering depends on the refractive index of 
the particle in the sm^jendiiig medium, tl® wave length of fight, and the particle size 
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Figure 4^ Histogram plot of the particle size analysis of 434L powder 



Figure 4.4 Histogram .plot of the particle size analysis of 316L powder. 
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Figure 4.5 Histogram plot of the particle size analysis of Cu powder. 



Figure 4.6 Histogram plot of the particle size analysis of FeB powder. 
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Figure 4.8 Histograan plot of the particle size analysis of YAG powder. 
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l^igure 4 3 and 4 4 show the monomodal particle distribution of 434L and 
316L stainless steel powder, respectively Maximum number of particles was in the 
range of 35-50 pm size in both the cases But the company specification is 16-20 pm 
Discrepancy occurred because of the particles were agglomerated in the suspension 
medium. The particle size distribution plot for copper is plotted in Figure 4 5 It 
clearly shows a monomodal distribution of particles lies in the range of 22-30 pm. 
The size distribution plot of FeB and NiB powders are shown in Figure 4 6 and 4 7, 
respectively The plots show monomodal size distribution of particles having size 
ranges are 7-11 pm for FeB and 12-20pm for NiB Yittria alumina garnet shows a 
monomodal size distribution of particles which has been shown in Figure 4.8 The 
particles size range is from 1-2 pm. Table 4.2 summarizes the particle size 
distribution of the as-received powders 


4.2.2 Particle Shape 

The particle shape of the powders was obtained using JEOL, JSM - 840 A, 
Scanning Electron Microscope, in the secondary electron (SE) mode. The SEM 
permitted far greater viewing magnification than optical equipment. The Figures 4.9 
and 4.10 show the SEM micrographs of 434L and 316L stainless steel powders, 
respectively. From the figures it is pretty clear that particle shape is spherical for both 
the cases. The chemically reduced copper powder has irregular morphology and 
highly agglomerated. This feature is captured in Figure 4 1 1 Figures 4 12 and 4.13 
show the SEM micrographs of prismatic shaped FeB and NiB powders, respectively 
Yittria alumina game* particles are shown in Figure 4.14 It shows irregular 
morphology of the YAG particles. . 
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Table 4.1 Chemical composition of YAG powder. 


Hlemeat 1 

1 

i 

1 

Amount (%) 

Y i 

1 

45.05 

AI i 

j 

i 

22.5 1 

Fe j 

0.014 

f 

Si ! 

1 

0.014 

1 

Ti 

i 

f <0.01 

f 

c 1 

i 

i 0.08 

1 i 

[ 


Table 4.2 Characteristics of the as received powders 


Powder i 

j 

Di«(pm) 1 


Dgft (fim) 

434L ' 

1 

* 

35.25 ' 

73.15 

316L 

1 

ia25 

' 

45.96 

1 

85.16 

Cu 

12.51 

26.92 

3987 

1 : 

FeB j 

1 3?77 j 

9.25 j 

18.75 

i 

j 

1 4.Sl i 


33.52 

YAG 

■ i 

] 

0.50 ^ 

[ 1 

1 1.51 

2.93 
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4.3 Premix Preparation 

The stainless steel powders (434L and 3i6L), yittria alumina garnet (YAG) 
and elemental powder such as copper (Cu), iron boride (FeB), and nickel boride (NiB) 
were weighted in electronic balance (supplier Mettler, AE200, USA) having 0.000 i 
accuracy. The balance was calibrated using a series of standard weights After 
weighing the individual powders were takai into one litre capacity glass jar and 
mixed in a Tubula mixer (type: - T2C Nr.921266, supplier: Bachofen, AG, Germany) 
for half an hour. Mixing ensures complete homogenization in the powder mixture. To 
prevent segregation proper care was taken by avoiding the shaking of the mixed 
powder containers. 

After mixing of the powders of desired compositions, the density of the mixed 
powder were determined by the inverse rule of mixture. The inverse rule of n^ixipg 
can be written as; 


w Wi ^W2 

Ptk A A 

where, 

wi and W 2 are the weight fraction of the powders 

pi and p 2 are the densities of the powders 

pfh is the theoretical density of the powder mixture. 

As an example, for 434L-2 Cu composition, 

J__0^ ^ 

" 8.96"^ 7.88 


(4.1) 


(4.2) 
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Figure A3 SEM micrograph of 434L powder. 



F^re 4.10 SEM micrograph of 316L powder. 
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Figures 4.15 and 4 16 show the different premix compositions used in the 
present work for 434L and 316L, respectively Table 4 3 and 4.4 represent the 
corresponding theoretical density. 


4.4 Compaction 

Cylindrical green compacts of 8 mm diameter and approximately 4 to 6 mm 
height were made from premix powders using a CTM-50 (capacity 50 Ton), 
compression testing machine supplied by Fuel Instruments & Engineering Private 
Limited, Ichalkaransi, Maharastra, India. The die made of high chromium high carbon 
steel was cleaned with acetone and was hibricated with zinc-stearate prior to each 
powder compaction. Lubrication facilitates compaction by minimizing wear between 
powders and die wall and subsequently removal of the compacted samples. In this 
study, 600 MPa optimum pressure condition was chosen tor compaction [85] 

4.5 Sintering 

Sintering was carried out in in SiC-he^ed horizontal tubular framace (rating 

1.5 kVA) supplied by Bysakh & Compat^, Kolkata. The furnace tube was made up of 
doubly recrystallized alumina. The inner diameter of the tube was 38 mm and length 
980 mm. Sintering was done in commercially pure hydrogen (dew point; -35°C) 
atmosphere, which provided reducing atmo^here for the samples and prevents the 
samples from oxidation. The flow rate of hydrogen was maintained at 1 Hter/min. The 
frnnace 1ms a heating zone of approximately 105 mm in the temperature range of 
1 100°C - 1500®C with an atxuracy of + 5®C. Figure 4.17 shows a schematic view of 
the sintering ftimace. 
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i^igure 4.15 Composition of investigated piaterials (434L with additives). 
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Tdbte 4.3 iheoreticaf densities of investigated materials (434L and with additives). 


Compt^kioa 

i 

! 

Theoretical Density (p*) 

434L 

r 

i 

i 

7.86 

434L-2CU 

1 

1 

7 88 

434L-0.3FeB 

1 

1 

7.86 

434L0.6FeB 

T 

j 

7 86 

434L-0.9FeB 

1 

1 

[ 

7.85 

434L-1.2FeB 

1 

1 

7.85 

434L-0.3NiB 

f 

1 

7.86 

434L-0.6NiB 

“t" 

7.85 

434L-0.9NiB 

1 

T 

1 

L. 

7.85 

434L-I.2MB 

j 

i 

7.85 

434lL-2Cu-D.3FeB 

i 

1 

i 

f 

7.SS 

434L-2Cu-0.3NiB 

1 

( 

7.88 

434L-2Cu-0.3?eB-lYAG 


1.83 

434L-2Cu-0.3NiB-IYAG 

t 

7.83 
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Figure 4.16 Composition of investigated materials (3I6L with additives). 






Experimemal Procedure 


71 


Table 4.4 Theoretical densities of investigated materials f3 16L and with additives) 


Composition 

i 

Theoretical Density (ptu) 

3J6L 

1 

8.06 

316L-2CU 

i 

i 

8 08 

1 

3I6L-0 3FeB 

i 

! 8.06 
i 

i [ 

316L0 6FeB 

1 8.05 I 

1 i 

f 

{ 

3I6L-0 9FeB 

1 

8.05 

3I6L-i 2FeB j 

1 

8.05 1 

316L-0 3NiB 

i 

8.06 

316L-0 6NiB j 

1 

8.05 

316L-0 9NjB 

T 

1 

j 

'[ 8.05 

i 

f 

316L-12NiB 


8 05 

' 316L-2Cu-0,3TeB 



1 8.07 

3l6L-2Cu-0 3NiB 


8.07 

— 

316L-0 3FeB-lYAG 


8.00 

|_ — -I 

316L-0 3NiB-lYAG 


800 
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In the present study two different tentperatures were selected for sintering. The 
temperatures were 1250 and 1400®C. Green compacts were placed over an alumina 
slide and transferred in the heating zone of the tubular furnace. Alumina has got 
higher melting point than our maximum sintering temperature and there is no inter- 
diffusion of alumina with stainless steel So, there should not be any sticking problem 
of the samples with the alumina slide. Both ends of tubular furnace were sealed with 
SILASTIC (RTV 700) s^ant to prevent any leakage. Heating rat^ were same for all 
the sintering operations (5®C/min). The samples were heated to the final sintering 
temperature after intermittent holding at 1000°C ft>r an hour. Holding time was 60 
minutes at final sintering temperature for ^ch case. Automatic temperature controller 
was used to control the temperature vntfiin ± 5^C. In all cases cooling was done in 
same hydrogen atmosphere, i.e. furnace cooling, at an average rate of 2 -3°C/min. 

4.6 Densificatioii Behavior 

4.6.1 Densi^ and Bensification Parameter 

Densities of the green cylindrical compacts wae ralcuiated by the dimension 
measurement method whereas the densities of the sintered samples were calculated by 
both dimension measurement method and Archimedes principle. Densification 
parameter was also a way to determine the amount of densifir^tion occurred after 
sintering. Densification parameter (^) was esprffised as follows 
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where SD is the sintered density, GD is the green density, and TD is the 
theoretical density Positive value of indicates densification and n^ative value 
indicates swelling or distortion taken place after sintering. 


Axial and Radial Shrinkage 

Linear and axial dimensions of the sintered samples were measured using slide 
paiipem and screw gauge of accuracy ±0.01 mm. Average of five measurements of 
each dimension is reported. The formula used for ratJculations are as follows. 


r 


Mr- 



xl00% 


(A A\ 


r 


&•- 


1 



Where, 

hg, rg -> height and radius of the green compact 
hs, rs -> height and radius of the sintered compact. 
6h ^ % linear shrinkage in height 
6r -> % radial shrinkage 


(4.5) 


4.7 X-ray Diffraction Analysis 

X-ray diffraction studies on the fx>wders (berth jmanixed and elemental), green 
compacts and sintered compacts wra'e carried out on Rich & Co., Germany, 

ISO Debyeflex -2002 diffractmneter. Powders were kept in a square holdcar having 
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very small thickness Some methyl alcohol was added on the powders so that they 
would be properly adhered during the diffraction study. Sintered samples after paper 
grinding and wheel polishing were kept in the holder for analysis The various 
parameters during the experiment are given below. 

Target (Radiation; -> Cu (Ki) 

Wavelength, X -> 1 .542 x 10'^® m 
Scanning Speed 3°C/min, (in 20) 

Counts/min -> 50,000 
Time Constant ->■ 3 s 
Amperage -> 20 mA 
Voltage -> 30 kV 

The X-ray machine is connected with computer. While scanning the sample, 
computer saved all the data (intensity and angle) From these data the intensity vs 
angle graphs were plotted. Indexing of X-ray diffraction patterns were carried out by 
matching peak coordinate value with the standard values from Joint Commission for 
Powder Diffraction Standard (JCPDS) cards (ed. 1996). 

4.8 Micr<«tructural Studies 

4.8.1 Optical Microscopy 

Sintered samples were cold mounted because the sample height was not 
sufficient for holding. The compacts were wet polished on the Lunn Major Unit made 
in Struers, Denmaric make 220, 320, 500 and iOOO grit silicon cartnde emery papers 
followed by fine wheel polishing with suspended 0.03 pm size alumina in distilled 
_ .. .. in Table 4 5 


Experimental Procedme 


75 


and 4.6. In the present work etchant-I for ferritic and etdiant-II for austenitic stainless 
steel were used Etching was carried out for 20-30 seconds by swabbing methob. The 
microstructure was examined using Leitz Labor Lux i2MES Image Analyzer. 

4.8.2 Scanning Electron Microscopy 

The microstructures of selected samples were also observed under 3EOL, ISM 
- 840 A, Scanning Electron iMicroscope. Operating voltage was 10 - 15 kV and probe 
current ranged from i k 10'*^ to 5 x 10"® A in secondary electron imping mode. The 
samples were deeply etched for SEM study to reveal the finer details 

49 Study of Mechanical Properties 

4.9.1 Hardness 

4.9. 1.1 Vickers Bulk-hardness 

Vickers Bulk-hardness of the polished specimens was measured by Leco V- 
lOO-Cl, Hardness Tester, manufactured by Akashi Coiporation, fapan. The load of 2 
kg and indentation time of 1 5 s was maintained for each sample. The diagonal lengths 
of the impressions were measured and the hardness was obtained directly in HV scale 
on the monitor. 


4,9.1.2 Vickers Micro-hardness 

Vickers micro-hardness had been taken at a load of 5 g on polished and etched 
samples in a micro-hardness tester, manufectured by Leitz, Gornany. The indentation 
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time of 1 5 s MS maimamed The diagoaai lengths of the impressions were measured 
and the hardness was obtained from the standard table. 


4.9.2 Study of Tensile Properties 

Tensile test was carried out on samples sintered at 1400=C Tensile test were 
carried out in Instron Universal Testing Machine (Model - 1 195, Capacity - 10 Ton). 
The tensile die is made of high chromium high carbon steel ft was cleaned with 
acetone and lubricated with zinc-stearate prior to each compaction. Lubrication 
facilitates compaction by minimizing w^ between powders and die wall and 
subsequent helps to ranove the compacted samples. Here also 600 MPa pressure was 
given for compaction. Figure 4.18 ^ows a ^andard powder metallurgical tensile 
sample of 1 sq. inch cross sectional area, 90 mm long, 6 mm wide and 5 to 6 mm of 
thickness [14] 
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Table 4.5 Etchants for Ferritic Stainless Steel. 


i Etchant-I 

1 

i 

Etchant-II 

CuCh 


fHCl 

; 10 ml 

HCl 

: 100 ml 

jHNOj 

: 3 ml 

C2H5OH 
Pistilled Water 

: i 00 mi 
mml 

i C2H5OH 

: iOOml 


Table 4.6 Etchants for Austenitic Stainless Steel, 


Etchaat-IH | 

CuS 04 . 5 H 20 

:l2g 1 

HCl (cone.) 

: 60 ml 

Distilled Water 

: 60 ml 
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Figure 4.18 A Standard powder metalhirgical tensile sample. 
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Chapter 5 

EXPERIIVIENTAL RESULTS 

5J Densification Behaviour 

The densification behaviour of the P/M stainless steel samples are cfeswibed 
using the sintered density, densification parameter, and change in axial and radial 
dimensions. - . , 

5.1.1 Density and Densification Parameteif 
Ferritic Stainless (4S4Li 

The ?5?perimental data before and after sintering for all the 434L samples with 
additives used in the present study are given in Appendices I and II. In this case 
sintered density increased with increasing sintering temperature. The variation of 
sintered density of selected composition was plotted in Figure 5 i. These 
compositions were chosen because it showed maximum densification. For the 
remaining sample the density was either remains constant or less than the selected 
composition. Figure 5.1 shows the variation of sintered density at two different 
temperatures, 1250® and 1400®C of 434L for diffe-ent additives composition. It 
clearly indicates that dmisity is not only a function trftempoiature, but it also depends 
on of additives. The sintered density increased from 85 to 91% theoretical for pure 
434L with increase in sint^ng temperature from 1250 to I40(PC. But the remaricable 
increase of sintered denMty occurred when sintering was done at i400®C along with 
copper borides additives. For 2 wt. % Copper, 0.3 wt. % FeB and 2 wt. % Copper, 
0.3 wt. % NiB the sintered density woe obtained as high as 94 %theoretical. To 
enhance the mechanical jnopeities I wt. % yttra ^umina garnet (YAG) was added, ft 
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was also heipfiil to increase the sintered den^itv r« -u- 

nsity In itns case tnis value reached 

95 ^theoretical as shown in Figure 5 I 


up to 


Densif.oa.io„ parameter is also very impottam to understand the densification 
behaviour of sample beeause it gives a relative measurement of the densification of 
compacts with density being normalised with mspea to the green density. The 
variations of densification paiameter with temperature of all 434L samples with 
additives are given in Appendices I and n. The variatioa densification parameter of 
selected compositions for 434L samples with additivts was plotted in Figure 5 2. 
From the plots it is clearly evident that the samples sintered at i400«C were having 
better densification parameter than samples sintered at i250«C. Here also it is not 
only depends on sintering temperature but also depend on additives. As shown in 


Figure 5 2 the densification parameter of pure 434L at i250"C sintering temperature 
was 0.40. it increased to 0.62 when sintering was done at I400°C But the maximum 
value were obtained with 2 wt % copper along with 0 3 wt. % FeB or NiB additives. 
It was as high as 0.73. Densification parameta' was also increased due to addition of 1 
wt. % yttria alumina garnet (Y AG), value reached up to 0.75 as shown in Figure 5.2. 
Austenitic Stainless Sted f 316 L) 

Like 434L the experimental data before and after sintering for all the 316L 
samples with additives used in the present study are given in Appendices III ^4 iy. 
Jp thi? case also sinta^ed density inCTeased with inerting sintaing temperature. Th9 
^^riation sintered density with sintering temperature for selected 3I6L samples and 
with different additives composition was plotted in Figure 5.3. From the plot it is 
dearly revealed that the sintered density was not so much increasal when sintered at 


1400°C for pure 316L sampK it was only 85 %theora 3 cal at 1250°C to 88 
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0 3 wt % «-‘d as additive From the Figure 5.3 the density at 1400'^C 

was as hiiili t* v «, ^tetica! and after addition of YAG the sintered density 

increase up to 'tt’ ct i c«ji 

The vaiiatioii of d onsifkation parameter with temperature of 316L sample 
with additives aic uiven in Appendices III and IV. Effect of composition and 
temperature on densitical i on parameter for selected 3I6L samples with additives was 
plotted in Figure 5 4 I* 1 1 > m the plots it is clearly evident that the samples sintered at 
i400°C having better deosification parameter than samples sintered at I250*C. For 
3I6L samples the value af densification parameter was also increased from 0 16 to 
0.38 as sintering teniperature increased from 1250 to I400°C. But remarkable 
increase of this value obtained when sintering was done at I40(PC with boride 
additive. As like 434L samples similar trend was also obtained in samples with i wt. 
% YAG, in this case 0 8 1 value obtained. 

5.1.2 Axial and Radial Sh linkage 

Appendices V to Vin represent the axial and radial shrinkage of the all the 
434L and 3161, samples with additives afler sintering. Figures 5.5 to S 8 are show 
graphical representation of the axial vesus radial shrinkage for the sintered samples 
of selected compositions. Careful observation of the Figures reveals that all the 
samples haveimdagone shrinkage on both axial and radial directions; no swelling has 
tafcai place in any of the samples. As sintering temperature increased tom 1250 to 
I40(WX the STOM of shrinkage also increased. In most of the samples, the 
riitinkagesinboihdireoticms are almost unifbnn. The lineal 45» ai«le represents the 




t Figure 5.2 Variation of denrifictttHM* patametar with sintering ten^isature for 434L 

I s atnp les with additives. 










figure 5.4 Variation of densification parameter with sintering temperature for 316L 
samples with additives. 












Esperimemal results 



Figure 5.5 Variation of axial vs. radial shrinkage of 434L samples with additives 
sintered at 1 250*C temperature. 



Figure SjS Variation of axial vs. radial shrinkage of 434L samples with additives 


Entered at I400®C tempwatue. 
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a 2iet 
a 2t6L-0vaFeB 
A 3f6L-a3NiB 
StSL-aCu. 

^ 316L^Cu-0.3FsB 
< 3.m-2C«^.3NiB 


Sl'rink<i06(%) 


Figure 5.7 Variation of axial vs. radial shrinkage of316L samples with additives 
sintered at 1250°C temperature. 



D 3t®L 
O 316L-0.3FeB 
A 31SL4UNiB 
V 31SL-2CO 
O 318L-2Cu-0.3FeB 
<S 31SL<2Cu^.3NiB 
> 31$L-9.3FeB-1YAG 

*• am-B-smB-me 


Figure 5.8 Variation d'axial vs. radial shrinkage of 3l6L samples with additives 


sintered at 1400°C temperature. 
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ideal shiinkage \^'ith sintering temperature, fn the present study discrepancy occurred 
due to development ot density contour during uniaxial pressing. 

5.2 Optical Microscopy 

Ferritic Stainless Steel (434LI 

Figure 5.9 (a) and fb) show the optical micrographs of pure 434L sample 
sintered at 1250 and I400'"C. respectively. From the Figures it is clearly evident that 
at i250°C sintering temperature the pores are mostly mtergranufar, whereas pores 
present at I400°C are mostly intragranular and rounded. 1250®C sintering temperature 
is the solid state sintering temperature whereas I400®C is the supersoiidus liquid 
phase sintering (SLPS) temperature for both 434L and 316L stainless steel samples 
To increase densification of the samples some additives were used such as copper and 
borides, later was added in the form of FeB and NiB Additives were added in very 
small amount such as, maximum 2 wt% of copper and maximum 1.2 wt. % of 
borides. 

Figures 5.10 and 5.11 shows the optical micrograph of 434L-2Cu samples 
sintered at 1250 and HOOX, respectively. After sintering the liquid copper lefts 
behind a pore which is called secondary pore. Tliis is re^Hesented by arrow mark. 

FeB and NiB was added in the range of 0.3 to 1.2 wt. %. At I250®C the 
volume fraction of liquid was very low, so the density was only 85 %theoretical for 
the sample containing 0.9 wt. % FeB. This is shown in Figure 5.12. But at 1400®C 
this density increased up to 91 %. Beyond that the density was almost constant. 
Optical miCTOgraph of this sample is shown in Figure 5.13. For 434L stainless steel 
samples only boride addition was not so much effective for increasmg densification. 
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n?) 

flptre 5.9 Optical micrographs of pure 434L samples sintered at (a) 1250°C and (¥} 
1400'^C. 



fa) fb) 

Figure 5.10 Optical micrographs of 434L-2Cu sample sintered at I250®C fa) iofW'er 


and (b) higher magnification. 
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ra) 0>> 

FIgore 5.11 Optical micrographs of 434L-2Cu sample sintered at 14<X) C (a) lower 


and <b) high«- magnification. 



Figure 5.12 Optical micrographs of 434L-0.9F^ sanQ>fe sinter®*^ ^ 


lower and (b) h^hea^ m^paification. 
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fa) (fa) 

Figure 5.13 Optical micrographs of 434L-0.9FeB sample siutered at 1400°C (a) 
lower and (fa) higher magnification. 



Figure 5,14 Optical miCTOgraphs of 434L-2Cu-0.3NiB sample sintered at I250°C (a) 


lower and (b) higher magnification. 
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(a) (b) 

Figure 5.i5 Optical micrographs of 454L-2Cu-0.3NiB saiiq>ie sintered at 1400°C (a) 
lower and (b) higher magnification. 



<a) <b) 

F%ure 5.16 Optical micrographs of 434L-2Cu-0.3FeB sample sintered at I250®C (a) 


lower and 0>) higher magnification. 









Experimental Results 


91 



(a) fb) 

Figure 5.17 Optical micrographs of434L-2Cu-0.3FeB sample sintered at 1400°C (a) 
lower and (b) higha" magnification. 



(a) 


(b) 


Figure 5.18 Optical micrographs of 434L-2Cu-0.5FeB-f YAG sample sintered at 
MOOX (a) lower and (b) higher magnification. 
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(a) (b) 

Figure 5*19 Optical micrographs of 434L-2Cu-0.3NiB-l YAG sample sintered at 
I400°C (a) lower and fb) higher magnification. 



(a) (b) 

FtgBre 5.20 Optical micrographs of pure 3 i6L sample sintered at I250‘’C (a) lower 


and (b) higher magnification. 
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Figure 5.21 Opticaf tmcn^raphs of pure 3 16L sampie sintered at 14(K)®C (a) lower 
and (b) higher magnification. 



(a) (b) 

Figure 5.22 Optical micrographs of 316L>2Cu sampie sintered at I250®C (a) lower 


and (b) higher magnification. 
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fa) (b) 

Figare 5.23 Optical micrographs of pure 3 16L-2Cu sample sintered at fa) 

lower and fb) higher magnification. 



lower and fb) higher magnification, 
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(a) (b) 

fifare 5.25 Optica! micrographs of 3I6L-0.3NiB sample sintered at I250°C (a) 
lower and (b) higher magnification. 


(a) (b) 

Figure 5.26 Optica! micrographs of 3!6L-0.3FeB sample sintered at i400®C (a) 




low^ and (b) higher magnification. 
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fa) fb) 

Figure 5.27 Optical micrographs of 316L-0.3NiB sample sintered at I400°C (a) 
lower and fb) higher magniiication. 



(a) (b) 

Figure 5.28 Opdcai iniCTogr^hs of ?I6L-2Qi-0.3FeB samples sintered at (a) 1250®C 


andCb)1400“C. 
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(a) (b) 

Figure 5.29 Optical micrographs of 316L-2Cu-0.3NiB samples sintered at (a) i250X 
and fb) 1400°C. 



(a) (b) 

Figure 5.30 Optical micrographs of 3 16L-0 5FeB-t YAG sample sintered at 1400®C 


(a) lower and (b) higher magnification. 
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(a) lower and fb) higher magnification. 
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(a) (b) 

F^are 5.33 i^M micrographs of 434L-2Cu sample sintered at 1250°C (a) lower and 
(b) higher magnification. 



(a) 




Figure 5.34. SEM micrographs of 434L-2Cu sample sintered at I400°C (a) lower and 
(b) higha* magnification. 
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lower and (b) higher magnification. 
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Maximum density was obtained up to 94 %theoreticai in the sample 
containing 0 3 wt, % FeB or NiB along with 2 wt. % copper Figures 5 14 and 5.15 
show the optical micrograph of sample containing 2 vn % Cu and 0.3 wt. % NiB 
sintered at 1250 and I400X. respectively As shown in Figure 5.16. the necklace type 
of structure was obtained in the sample containing 2 wt. % Cu and 0.3 wt. % FeB 
sintered at 1250°C. Figure 5.17 shows the micrograph of the sample with same 
composition sintered at 1400°C. In this micrograph the pore are mostly present at 
triple point and the intragranular pores are almost rounded 

Grain growth is the main disadvantage of high temperature sintering such as 
^ 1400®C To suppress this some refractory material such as Yttria Alumina G^net 
(YAG) was added. It prevents the grain growth and thus prevents por^ 10 bf 
intrgranular There are two samples sintered at i400®C were chosen having maximum 
density for YAG addition. Figures 5.18 and 5.19 show the optical micrographs of 
samples containing 434L-2 wt % Cu-0 3 wt % FeB and 434L-2 wt Cu-0.3 wt % 
NiB. respectively along with 1 wt. % YAO. 

Austenitic Stainless Steel (316L) 

Intergranular pore become intragranular was also occurred in 316L samples as 
sintering temperature increases from 1250 to 1400‘’C. Figures 5.20 and 5.21 represent 
the optical micrographs of pure 316L samples sintered at 1250 and 1400°C, 
r^ectively. To increase the densification here also copper and boride additives were 
added. 

In 3 1 6 L-2 wt. % Cu samples the traces of liquid copper is missing b«:mise of 
high^ solubility of copper into the austenite. This feature was captured in Figures 
5.22 and 5.23, where samples are sintered at 1250 and I400°C, re^ectiveiy. 
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Only 0.3 wt% FeB or MB is sufficient for enhandng the densification of 
3i6L stainless steel samples Large irregular pores mostly at the grain boundaries 
were obtained in the samples containing 0.3 wt. % FeB or NiB sintered at I250®C. 
Figures 5.24 and 5 25 show the optical micrographs of these sampl® containing FeB 
and MB, respectively. At 1400®C SLPS was occurred. At this temperature the volume 
fiaction of liquid was also high compare to i250®C temperature Figures 5 26 and 
5.27 represents microstructure of above samples containing FeB and MB, 
respectively sintered at 1400®C. In this case maximum 96 %theoretica{ density was 
obtained. From the figures it is clearly evident that most of the pores are present at the 
triple points and the intragranular pores are rounded in shape. 

In the 316L samples copper along with boride addition was not effective to 
chance densification. Pores are mostly at grain boundaries at 1250°C and it became 
intragralular at 1400®C. TTris features were c^tured in Figures 5.28 and 5.29 
containing 0.3wt% FeB and NiB along with 2wt% copper, respectively. 

Here also grain growth was taken place when sintering was done at 1400°C. 
To suppress this Yttria Alumina Garnet (YAG) was added. It prevents the grain 
growth. Figures 5.30 and 5.31 show the micrograph of sample containing 0.3 wt. % 
FeB and NiB, respectively along with 1 wt. % YAG sintered at i400®C 

5.3 l^lectron Microscoj^ 

Before taking the micrograph under SEM the samples were d^Iy etched. 
Figures 5,32 (a) and (b) show the SEM micrograph of pure 434L samples sintered at 
!250®C and i400®C. From the figures it is dearly evident that at I250®C teanperature 
the pores are presets along the ^ain boundaries and in irr^iar shape. At 1400°C 
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intragranular type. These features are tnarked by arrow. As shown in Figure 5 34 
white spots were seen within the grain in the sample containing 434L along with 2 wt 
% copper sintered at 1400°C. It was nothing but the liquid formation taken place in 
the defect site of the grains Here the thickness of grain boundaries was high; it is due 
to the presence of liquid copper As shown in Figure 5.33 such features were absent in 
the sample having the same composition sintered at 1250°C. Figures 5.35 and 5 36 
show the SEM micrographs of 434L sample contaming 2 wt. % Cu and 0.3 wt. % PeB 
sintered at 1250®C and 1400‘’C respectively. At 1250‘’C the irregular elongated pores 
are present along grain boundaries. When sintered at 1400°C the liquid formation 
occurred along grain boundaries and within the defect site of the grain, also pores 
were mostly Avithin grain and rounded in nature. 

5.4 Study of Mechanical Properties 

5.4.1 Hardness 

5.4. 1.1 Bulk hardness 

Bulk hardness of the ail samples used in the present study are given in the 
Appendices DC to X. The hardness was taken using 2 Kg load applied for 15 seconds 
Ferritic Stainless Steel (434LI 

The variation of the hardness as a foncdon of sintering terapaature of selected 
composition is plotted in Figures 5.37. The hardness values increases with increasing 
of sintering temperature irom 1250 to 1400°C. ft is due to decr^se of porosity. For 
pure 434L sample the hardness increases fiom VHN 1 16 to VHN 137 as sintering 
temperature inCT^ses irom 1250 to I400°C. But the remarkable of hardness was 
taken place in the 434L samples containing 2 wt. % Cu along with 0.3 wt. % FeB or 
NiB. In these cases the value inc^Bed up-to as high as VHN 165. Another additive 
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YAG was also added to enhance mechanicai propaties. For this case hardness 
increases as high as VHN 220 
Austenitic Slainless Steel f434Li 

Similar trend was also observed in 316L samples with additives. Hardness 
increases from VHN 126 to VHN 156 as sintering temperature increases from 1250 to 
1400®C. Maximum hardness were obtained in the samples containing 0.3 wt. % FeB 
or NiB. The value of these samples were VHN 189 and VHN 191 for 0.3 wt. % FeB 
and 0 3 wt. % NiB, respectively. Figure 5.38 represents the variation of hardness 
value as a function of sintering temperature of selective composition. Here also due to 
addition of YAG hardness increased up to VHN 23S. 

5,4.1.2 Microhardne.ss 

Microhardness of the all sanqjles used in the present study is given in 
the Appendix The hardness was taken using 5 gm load applied for 1 5 sec 
Ferritic Stainless Steel (434LI 

For the 434L samples with additives the variation of the hardness as a function 
of sintering tempmture of selected composition are plotted in Figures 5 39 As of 
bulk hardness miarohardness value also increased with increasing of sintering 
temperature from 1250 to i400®C. It is due to increase of densification. For pure 434L 
sample the hardness increases from VHN 85 to VHN 106 as sintering temperature 
increases from 1250 to 1400"^C. 434L sample containing 2wt. % copper show lower 
harness compare to pure 434L san^le. But the remarkable increase of Imrdness was 
taken place in the 434L samples containing 2 wt. % Cu along with 0.3 wt. % FeB or 
NiB. In these cases the value increased up-to as high as VHN 156. Microhardness 
values further increased due to addition of YAG. In this case maximum VHN 196 
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value obtained in the sample containing 2 wt % Cu and 0,3 wt. % NiB along with 1 
wt %YAG 

Austenitic Stainless Sled (434L) 

Similar trend was also observed in 3I6L samples with additives For pure 
316L sample hardness increases from VHN 85 to VHN 121 as sintering temperature 
increases from 1250 to 1400^0. Maximum hardness wo’e obtained in the samples 
containing 0 3 wt. % FeB or NiB. The value of these samples were VHN 160 and 
VHN 166 for 0 3 wt. % FeB and 0 3 wt, % NiB, respectively. Like 434L samples 
microhardness values also increases with addition of YAG. VHN 221 value was 
obtained in the sample contaim'ng 0.3 wt. % FeB along with 1 wt. % YAG. Figure 
5.40 represents the microhardn^s values of selected composition as a function of 
sintering temperature. 

5.4.2 TeusOe Properties 

During sintering at 1400®C grain growth was taken place. To restrict this 1 wt. 
% YAG was added along with the other additives. To measure the tensile properties 
such compositions were diosen which posses maximum density. 

Ferritic Stainless Steel (434L) 

For tensile propaties measurement two most dense composition were taken, 
these are 434L-2 wt. % Cu-0.3 wt, % FeB-l wt. % YAG and 434L-2 wt. % Cu-0.3 wt. 
% NiB-i wt. % YAG sintered at i400X. To compare the tensile prcperti^ of the 
^ove samples, tensile properties of pure; 434L was also measured. Table 5.1 shows 
the tensile properties of above samples. Hie yield strength of pure 434L sample 
increased from 256 to 398 MPa when copper, FeB, and YAG was added. Similar 





Figure 5.38 Variation of bulk hardness values as a function of sintering temperature 


for 3 1 6L samples with additives. 
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for 434L samples with additives. 
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trend also obtained in the sample containing copp^, MB, and YAG. In this case yield 
strength value increased from 256 to 442 MPa The maximum UTS 574 MPa was 
obtained in the sample containing Cu, NiB, and YAG. The stress-strain curve of 434L 
samples with additives are plotted in Figure 5.41 . Micrographs of the fracture surfaces 
are given in Figures 5 42 to 5.44. 

Austenitie Stainless Steel (434L) 

The yield strength of pure 316L sample increased from 275 to 333 MPa when 
0.3 wt. % FeB, and 1 wt. % YAG was added. Similar trend also obtained in the 
sample containing 0 3 wt. % MB, and I wt. % YAG. In this case yield strraigth value 
increased from 275 to 355 MPa The maximum UTS 654 MPa was obtained in the 
sample containing 0.3 wt. % NiB, and I wt. % YAG. Table 5.1 summurises the 
tensile properties of pure 3i6L samples with additives. The stress-strain curve of 
316L samples with additives are plotted in Figure 5.45 and micrographs of fraaure 
surfaces are given in Figure 5 46 to 5 48 

5.5. Phase Identification by XR0 

X-Ray Diffraction measurements were made for identify of any new phase 
formation which could impact on mechanical properties. Figures 5.49 and 5.50 show 
the XEU) patterns of 434L and 3I6L samples with additives, re^ectively sintered at 
1400°C. Comparison was made between the three strong intensity values of XRD 
plots with standard JCPDS cards. There was no new ph®e found. 
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figure 5.43 SEM micrograph of fracture surface of 434L-2Cu-0.3FeB-I YAG sample 
sintered at 1400'=C 



jplgiire 5.44 SEM micrograph of fracture surfece of 434L-2Cu-0.3NiB-l YAG sample 


sintered at 1400°C. 
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Figure 5.46 SEM tuicrograpfa of fracture surface of pure 3 i6L sample sintereii at 


I400°C. 





Experimental Results 


113 



Figure 5.47 SEM micrograph of fracture surfece of 316L-0.3FeB-l YAG sample 
sintered at 1400°C. 



Figure 5.48 SEM micrograph of fiacture surfece of 3I6L-0.3NiB-lYAG sample 
sintered at i40(F'C. 
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chapter 6 

DISCUSSION 


The results obtained in the present work are discussed in this chapter, it 
contains four sections. The first section summarizes the densification behaviour of the 
434L and 316L stainless steel samples with additives, sintered at two different 
temperatures It includes sintered density, densification parameter and also axial and 
radial shrinkage. In the second section microstructural evolution containing optical 
and SEM micrographs are discussed In the last section mechanical properties of these 
samples are anal 3 fzed and discuss^ It includes bulk hardness, microhardness and 
tensile properties along with fractography. 

6.1 Effect Sintering Temperature and Additive on Densification 
Behaviour 

6.1.1 Effect of Sintering Temperature 

As described ^^lier, two sintering temp^anires 1250 and I400®C were 
selected for the pr©ent work. The solid state sintering of the samples were carried out 
at 1250®C for both ferritic and austoutic stainless steel. But in solid state diffusion is 
very slow process compare to liquid state. So, to enhance the densification another 
approach was employed fay maintaining sintering temperature in between solidus and 
iiquidus temperature. This type of sintering is called Supersofidus Liquid Phase 
Sintering (SLPS). 

» 

The supersolidus liquid phase sintering of the sample was carried out at 
I400°C. German ef at [64] repented the re5mit on aipersolidus liquid phase sintering 
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of austenitic stainless steei with additives. There are two approaches that can be 
envisaged for achieving full densification in short processing time during SLPS The 
first approach is based on utilizing the sintering temperature to nucleate an optimal 
amount of liquid In this case particle rearrangement alone can lead to full 
densification This approach is applicable to alloys wdth a wide liquidus-solidus 
separation (typically >100 ®CX for example, 17-4 PH stainless steei. A major 
drawback of this approach is poor dimooisionai control arising from the sudden 
shrinkage experienced by a compact on liquid formation In addition, if the liquid 
solidified as a brittle continuous phase along grain boundaries, then mechanical 
properties decreases so, this approach may not be desirable. The second approach is 
based on sintering just above the solidus temperature to nucleate a controlled amount 
of liquid The amount of liquid is not sufficient to cover all the grain boundaries, yet it 
is enough to provide faster diffusion path for densification. The amount of liquid is 
controlled either by the use of additives or by the tight control over the sintering 
temperature [28] This approach was utilized in the present study. 

6.1.2 Effect of Additives 

Of the several sintering aids that have been used for ferrous materials. Copper, 
Boron, and Yttria Alumina Garnet (YAG) are the most important Extensive research 
work has been carried out with copper or boride additions on mostly austenitic 
stainless steel [51. 52. 59-77]. The effect of AlaOi, Y 2 O 1 was also reported [78-84]. 
Role of Copper 

Addition of copper forms liquid phase during sintering in the presently 
selected sintering temperature. Such an addition markedly increases the sinterabiiity 
because of faster material tran^jort in liquid phase. Figure 6.1 shows the optica! 



Discussion 


117 


micrographs of the ferritic stainiess steel sample containing 10 wt % Cu along with 
0.3 wt. % FeB sintered at 1400®C. From this figure it is clear evident that after 
crossing the solubility limit excess copper present along the grain boimdaries in 
lenticular shape and the liquid copper which present at grain is spherical in shape The 
copper present at grain boundaries is effectively eliminating the pores by liquid 
ftsrmation at sintering temperature. 

Copper not only helps for increasing densification but also enhance corrosion 
Tesistance properties But hi^er amount (greater than 5 wt. %) of copper is 
detrimental to corrosion resistance property. It is because the dissolution of metallic 
copper would produce a small surface fraction of active sited from which local 
dissolution of passive film starts which leads to con^lete breakdown of passive film. 
From the Figure 6 1 it is clearly evident this excess copper marked by arrow decreases 
the corrosion resistance property. So in the present sturfy only 2 wt. % copper was 
added. 

Roie of Boron 

Here boron was added in the form of boride such as FeB or NiB. Elemental 
boron is generally avoided because it easily forms oxide which is volatile in nature 
and causes porosity in the compacts. From the phase diagram of FeB as shown in 
Figure 2.18 the melting point of FeB is 1650^C. So at I400®C sintering temperature it 
does not fbrm liquid. From the phase diagram, it is clearly evident that FeB exhibits a 
peritectic reaction at 1389^. It is postulated that FeB aided densification by 
transforming via boron deletion into FezB, whidi in turn forms a peritectic liquid at 
iI74°C. This liquid helps in densification (41]. From the pha« diagram of Ni-B as 
shown in Figjire 2. 19, it is dearly indicated th« antering is aid«l by the formation of 
liquid at lfr35®C. This liquid helps in densification enhancement. 
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Boron is ferrite stabilize so, when it is added in ferritic stainless steel it helps 
in densification by peritectic reaction. But when boron is added in austenitic stainless 
steel it effectively suppress the solidus ten^erature by destabilizing the austenite and 
also forms peritectic melts. So effect of boron is more on austenitic stainless steel due 
to higher amount of liquid formation when the sintering is carried out in SLPS region. 
Role of Yttria Atundna Garnet {¥AGi 

YAG is a hard and brittle refiactory material having melting point around 
TIOQ^C. When sintering is carried out in SLPS region grain growth is taken place 
which degrades the mechanical properties. Also due to grain growth intergranular 
pore become intragranular so sintered density decreases. To restrict this YAG is 
added. It is preferentially s^pn^ated at grain boundaries and pin this. Thus it prevents 
grain growth. Since the density of YAG (5 is less stainless steel so when it is 
added 5 wt. % with respect to stainless steel then its volume is high. It preferentially 
segregates at the grain boundaries and restrict grain boundary sliding and also due to 
covering of grain boundaries by YAG, the liquid volume fraction at grain boundary 
region decreases because of solubility of iron and chromium into YAG. Thus sintered 
density decreases due to lower volume fraction of liquid formation. 

6.13 Synergistic Effects of Entering Temperatare and Additives 

Ail the stainlras steel samples were compacted under 600 MPa optimum 
pressure [85]. From the Apj^EKfices f and H for feritic stainiess steel samples, it is 
dearly evident that sintered density increases as temperature of sintering increases 
from 1250 to 14O0^C. It is not only because of increasaig diflusivity at i400°C but 
also at 1400“C, sintming was taking place in the siqrersolidus region i.e. between 
soKdus and iiquidus tmiq>^ture. To imsease densification cop^, FeB and IsRB were 
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added. From Figure 5.1 it is cfearfy evident that onfy borides are not so much 
effective for increasing densification. It is because of very lower volume fraction of 
liquid. By the addition of 2 wt. % ojppet, antered density increases 85 % theoretical 
to 92 % theoretical as temperature of sintering increases from 1250 to 1400°C. It is 
due to Kquid formation by copper and liquid at grain boundaries due to sintering at 
supersolidus region. Maximum densification occurs in the samples containing copper 
along with FeB or FSB. The reason fer this is rite three sounres of liquid, such as 
liquid contributed by copper, peritectic melt formation by FeB or melt formation by 
NiB and liquid at grain boundary ^ion. Similar trend was also obtained frn 
densification parametw of these samples as shown in Figure 5.2. The axial and radial 
shrinkage was also higher in sintering two p erature. As shown in Figures 5.5 

and 5.6 the deviation from ideal behaviour took place because of formation of density 
contoinr during single action pressure. 

For austenitic stainliss steel, densifrcadon maeases as sintaing tempaature 
increases from 1250 to 1400’C. & occurs due to increasing diffusivity and sintering at 
supwsoiidus r^on. Figure 5.3 dtows friat only 2 wt % cepper was not effective for 
densification, basmse the solubility of copper into austenite is about 9 wt. %, So the 
liquid coppo- must here gone into solid ^hiticm because of tramaent Hquid phase 
;^taing at I400^C. However, only 0.3 wt. % boride was sufficient to get near 
theoretioil dmisity. Hus is because of the presence of boride winch agnificaiitiy 
lowers the solidus temperature of austenitic stmnl^ steel by destatalising the 
mistaute^ Iwcause boride is feiitic Dire to this reason high® volume 

fraction of liquid formation occurs in stqrersofidus region as ®>mp®e to ferritic 
stainless steel. In tins caMf by «ichtion borhie 97% tlrecuetical dsasky was obtained. 
Combined effect d copp® and boride was not effective because copp® is an 
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austenitic stabiliser, so the effect of boride is suppressed Similar trend were also 
obtained for densification parameter and in axial and radial shrinkage of the samples 
as shown in Figures 5 4, 5.7, 5 8. 

For both the stainless steel, YAG addition was effective in increasing 
densification along with other additives Because YAG is a refractory material; it 
remains in solid sttrte at sintering temperatures. This solid particle helps as a short 
circuiting path for diffusion by maintaining bridge between two solid stainless steel 
particles. This is cl^ly shown in Figures 5.1 and 5.2 for sintered density and 
densification parameter respectively for ferritic stainless steel and Figure 5.3 and 5.4 
for austenitic stainless steel. 

6,2 Evolution of Microstrncture 

Figures 5.9 and 5.32 show the optical and SEM micrographs of pure 434L 
compacts sintered at 1250 and HOO^C In 434L compact sintered at 1250^0, the pores 
were found to be mostly intergranular. In contrast, pores were mostly intragranular 
when sintering was done at 1400°C At 1250®C. the 434L compacts are solid-state 
sintered. Consequently, the rate of diffusion is relatively slower at I250°C as 
compared to sintering at MOO^C However, rate of coarsening of 434L grains is 
higher than the rate of pore removal. This causes the mtergranular pores to gradually 
become intragranular Removal of the intragranular porosity is more difficult (as 
compared to intergranular pores) because it involves vofume diffusion. Figure 6.2 
represents how the intergranular pore becomes intragranular due to grain growth. 

At I250°C, 434L stainless steel undragoes solid-state sintering, whereas 434L- 
2Cu gets conventionally liquid phase sintered as shown in Figure 5. 10. Note that there 
is no siamficant effect of copper at 1250°C This is attributed to the relatively lower 



Discussion 


Ml 


amount of liquid copper melt (1.8 volume percent), which is insufificient to cause 
densification by capillary-induced grain rearrangement. In addition to good 
wettability the Fe-Cu system also has low dihedral angle (<5%). At sintering 
temperature copper melt penetrate the grain boundary of stainless steel skeleton Thus 
in the sintered microstructure some irr^lar large pores (called secondary pores) are 
observed that can be attributed to the particle location prior to melting. These features 
are captured in the optical mioograph and SEM in Figures 5.1i and 5.34 by arrow 
mark. In the intergranular region at I250®C only traces of copper melt are seen 
However, at 1400®C (SLPS), the intergranular r^on consists of Cu-melt and 
partially melted 434L stainless steel. It is difficult to distinguish completely the melt 
in intergranular r^on which contain both stainiess steel and copper. The 
intragranular melt is solely being contributed fay part of 434L stainless steel liquid 
nucleating at defect r^on within the grain, ft is captured in SEM micrograph as 
shown in Figure 5 34(b) as white spots within grain marked by arrow 

The addition of boron as FeB leads to the formation of continuous network of 
precipitates along the grain boundaries. From phase diagram of Fe-B as shown in 
Figure 2.18, it is evident that FeB exhibits a peritectic reaction at i389®C. FeB aided 
densification by transforming into boron depleted phase FejB, which in turn forms a 
peritectic liquid at Ii74°C. This liquid helps for densification. In ferritic stainiess 
steel maximum density (91 % of theoretical) was obtmned at 1400*C with 0.9%FeB, 
beyond that the density remains constant, because mostly intragranular pores present. 
Figures 5.12 and 5.13 show the effect of 0.9wt% FeB addition on 434L stainiess 
sintered at 1250 and 1400°C. For increasing densification, diffiision through grain 
required, which was a slow process. 
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By NiB addition maximum density (90 % of theoretical) was obtained From 
phase diagram of Ni-B as shown in Figure 2.19, it is cieariy indicated that sintering is 
aided by the formation of transient liquid via a peritectic reaction at I035X. This 
liquid helps in densification oihancement. 

Maximum densification occurs when both copper and boride additives used 
togethw due to their S 3 mCTgistic effect. In this case 93% of theoretical density was 
adiieved in the sample comaining 2 wt. % copper and 0.3 wt % NiB sintered at 
i400®C. Figures 5.14 and 5.15 show the optical microgrtqjhs of the samples sintered 
at 1250 and I400°C, respectively The sample containing copper along with FeB 
shows maximum of 94% theoretical density. As compared to NiB, FeB is much more 
effective for densification because of formation of peritectic melt. The optical 
micrographs of the samples containing 2 wt. % cc^per and 0.3 wt. % FeB sintered at 
1250 and 1400®C as shown in Figures 5.16 and 5.17 rspectively. Figure 5.35 and 
5.36 show the SEM micrographs of the same saroplra sintered at 1250 and I400°C, 
respectively. From XRB pattern analysis of 434L samples with additives no new 
phase was found. 

Shnilar grain growth trend also occurs m the austenitic stainless steel samples 
as sintering temperature increases from 1250 to 1400’C. So intergranular pores 
become intragranular due to the sIowct rate of pore ronoval compared to the grain 
growth. Figures 5.20 and 5.21 show the optica! micrographs of the pure 3 i6L samples 
sintered at 1250 and 1400°C respectively. 

Only 2 wt % copper is not sufficient to enhance densification. Because this 
much amoimt of copper will easily go into sdid solution. So pores were present along 
the grain boundaries even at 1400°C temperature also. At this sintering temperature 

I 

copper forms transient liquid phase because of Ingha" (9 wt. %) solubility of copper 
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figure 6.1 Optica! micrographs of 434L-10Cu-0.3FeB sample sintered at 1400°C (a) 
lowCT (b) highCT magnification. 



Figure 6,2 Optical micrograph showing the transformation of intergranular pores to 
intragranular type. 
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into austenite. These features are captured in Figures 5.22 and 5.23 sintered at 1250 
and i400°C respectively. 

Borides are not effective when sintering was done at i250°C because it was a 
conventional solid state sintering So pores were mostly intergranular. This feature 
has been captured in Figures 5.24 and 5.25 of the samples containing 0.3 w1. % FeB 
and NiB, respectively However, near theoretical density was obtained when sintering 
was done at 1400®C. In this ten^jerature FeB forms peritectic liquid and NiB forms 
liquid by melting. Another most attractive result is boride effectively suppresses the 
solidus temperature, so higher volume fraction liquid was obtained at 1400°C. This 
liquid mostly forms along grain boundaries and in grain with defects. Figures 5.26 
and 5.27 show the optical micrographs of the samples containing 0.3 wt. % FeB and 
NfiB respectively. 

Combined addition of copper along with boride was not effective in enhancing 
densification. It is because copp«’ is austenite stabilizer so it supprrases the effect of 
boride i.e. it prevents the suppression of sohdus line. Figures 5.28 and 5.29 show 
optical micrographs of the samples containing 0.3 wt. % FeB and NiB along with 2 
wt. % coppCT, respectively. 

Main disadvantage of SLPS is grain growth. To suppress this some refractory 
material such as Yttria Alumina Garnet (YAG) was added. It prevents the grain 
growth by pinning the grain boundaries and thus prevents pores to be iatragranuiar. 
Figures 5.18 and 5.19 show the optical micrographs of the 434L-2Cu samples 
containing 1 wt. % YAG along with 0.3 wt. % FeB and NiB, re^ectively. From these 
micrographs it is dearly evident that only i wt. % YAG was suffideitt to restrict grain 
growth. As shown in Figures 5.30 and 5.31 similar trend was also obtained in 316L 
samples containing 1 wt. % YAG along with 0.3 wt. % FeB and NiB respectively. 
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&3 Evolution of Mechanical Properties 
6.5.1 Bulk hardness 

434L stainless steel samples with additives bulk hardness increases as 
sintering temperature increases from 1250 to 1400°C It is because of increasing 
densification The contribution of boride in increasing hardness is less as compared to 
synergistic effect of copper and borides ft is due to very lov/er amount of melt 
formation that occurs in the boride samples. Hardness of these samples is shown in 
Figure 5 37 as a function of sintering temperature 

Figure 5 38 shows the bulk hardness of the 3i6L samples with additives. In 
this case also a similar trend was also obtained in the sense that hardness increases as 
sintering temperature increases from 1250 to I400°C In 316L stainless steel samples 
maximum hardness were obtained in the samples containing 0.3 wt % boride. It is 
because boride helps to suppress the solidus temperature and thus higher volume 
fraction of liquid is obtained at supersolidus region sintering temperature which helps 
in densification The samples of 316L stainless steel with copper additives shows 
higher harness as compared to pure 3 1 6L. It is because copper forms solid solution in 
austenite, increasing the hardness 

Maximum hardness was obtained in the samples containing YAG. It is 
because YAG is a hard and brittles refractory material, so it shows higher hardness. 
The 3I6L samples with additives show higher hardness due to the higher sintered 
deaisity compare to 434L samples with additives. 

6.3.2 Microhardness 

In 434L-2Cu samples hardness varies in different regions, because copper rich 
region shows Iowk’- hardness as compared to pure 434L region. But by the addition of 
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boride, hardness increases at grain boundary region as compared to grain. Figure 5.39 
represents the microhardness values of 434L samples with additives When FeB or 
NiB added it forms a continuous network of precipitate along grain boundaries. 
Figure 5.40 shows the above results Due to addition of YAG values of microhardness 
increases for both the stainless steel samples. It is because of presence of hard and 
brittle YAG phase 

6.3.3 Tensile Properties 

The main drawback of SLPS is grain growth. So when sintering was done at 
1400 °C grain growth occurred Due to the grain growth mechanical properties such 
as tensile strength decreases drastically. To restrict this some Yttria Alumina Garnet 
(YAG) was added which pin the grain boundaries and restrict the grain growth The 
amount of YAG was restricted to I wt. % because the YAG molecules would 
preferentially segregate at grain boundaries and make it brittle, so the ductility 
decreases drastically. 

Table 5.1 repr^ents the tensile properties of some samples of selected 
compositions. These compositions were chosen because these posseses maximum 
sintered density as compared to othCT compositions. Figure 5.41 compares the 
engineering stress^strain curves of pure 434L sample and 434L samples with 
additives. Copper and borides were added to inCTeasethe densification and YAG was 
added to r^trict grain growth. Strength increase because of increase of sintered 
dmisky of the samples and also due to smaller grain size. Figure 5.42 shows the 
firactograph of pure 434L samples. It was a mixed mode of fracture having ductility 
30%. In ductile mode (Ampkd rupture was characterized by cup like depression. 
Microvoids were initiated at second phase or fK>res, the voids grew, and the ligaments 
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between microvoids fractured, in brittle mode river marking were obtained. The river 
marking are caused by the crack moving through the crystal along a number of 
parallel planes which form a series of plateaus and connecting ledgK. These are 
indications of the absorption of energy by local deformation. The direction of river 
pattern represents the direction of crack propagation [86}. Figure 5.43 shows the 
foactoghraph of 434L samples containing 2 wt. % copper, 0.3 wt. % FeB and I wt. % 
YAG. In this case pores are the iwt of the crack formation. Similar trend was 
alsoobtained in 434L samples containing 2 wt. % copper, 0.3 wt. % N® and Iwt% 
YAG. In these cases ductility decreases up to 16%. So the fracture surfece show the 
mostly river pattern as shown in Figure 5.44. 

Figure 5.45 compares the ei^ewing stress-strain curv» of pure 316L sample 
and 3 16L samples with additives Only 0.3 wt. % boride was sufficient to increase the 
strength along with f wt. % YAG. ft is because of stg y pr e ssion of solidus line by 
boride and smaller grain size due to presence of YAG particles. The Fractographs of 
316L samples with additives show mostly thsctile mode of fracture which is 
characterized by dimpled rupture as shown in Figures 5.46 to 5.48. Even though there 
has been grain coarsening taken place because of high sintering temperature and 
residual porosity, as compared to solid state sintaing SLPS results highear ductility in 
3I6L samples with additives. This is reflected predominantly dimpled morphology of 
fracture surfoce. The presence of residual por^ does not detrimentally affect the 
ductility because these por© are primarily iiaragraiajlar type. 
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Chapter 7 

CONCLUSIONS 

From the present study it can be concluded that 

(i) Higher density in P/M stainless can be obtained by supersolidus liquid phase 
^tering due to homogeneous melt formation in both ferritic and austenitic 
s^aini^ steel. 

|li) FurthCT densilicatioii enhancement can be achieved through alloying 
additions. Addition of 2 wt. % Cu enhances the densification of ferritic 
stainless steel at 1400°C. The densification is attributed to the Cu melt 
penetration which causes better grain rearrangement 

(hi) Only 2 wt. % Cu addition is not sufficient for enhancing densificatioft 
because of higher solubility of Cu into austenite. 

(iv) Boron addition as NiB and FeB was found to be effective for densification 
of ferritic stainless steel provided it is added along with copper. It occurs due 
to the synergistic action of the alloying elements. 

(v) Only 0.3 wt% FeB or NiB is sufficient for achieving near theoretical density 
in austenitic stainless steel. Because boride effectively suppresses the solidus 
temperature, higher volume fraction liquid is obtained at I400®C sintering 
t^npa^ture. 

(vi) Hardn^s inweases as sintering temperature increases from 1250 to 1400®C 
for both ferritic and mistenitic stainless steels, 

(vii) For both ferritic and austenitic stainless steels, tensile strength increases due 
to the synwgistic effect of increasing densification by addition of additives 
and reduction of grain size by addition of yttria alumina garnet. 
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Appendix-I 

Experimental data for green samples of 434L and with additives before sintering 

at 1250°C 


Composition 

(vvt%) 

Height 

(cm) 

Weight 

(gm) 

Diameter 

(cm) 

Density 

(g/cm^) 

Density 

(% Theoretical) 

434L 

0.708 

2 1067 

0 806 

5 83 

73 30 

434L-0 3FeB 


2 3862 

0 806 

5.81 

73.17 

434L-0.6FeB 

0 796 

2 4232 

0 806 

5 97 

75 06 

434L-0.9FeB 

0.546 

1 6412 

0 806 

5 89 

74 13 

434L-1.2FeB 

0.75 

2 249 

0.806 

5.88 

73 96 

434L-0.3NiB 

0 703 


0 806 

5.81 

73.17 

434L-0.6NiB 

0.648 

1.9690 

0 806 

5.96 

1 74 92 

434L-0.9NiB 

0.678 

2.0278 

0 806 

5 86 

73.76 

434L-1.2NiB 

0.566 

1 7465 



76 11 

434L-2CU 

0 685 

2 1098 

0 806 

6.04 

76 65 

434L-2Cu-0.3FeB 

0.537 

1 6751 

0 806 

6 11 

77 54 

434L-2Cu-0.3NiB 

0.673 

2.0924 

0.806 

6.09 

77.28 
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£xperiinent<tl data for the samples of 434L and with additives after sintering at 

1250°C 


Composition 

Height 

Weight 

Diameter 

Density 

Density 

Weight 

Densifi cation 

(wt%) 

(cm) 

(cm) 

(gm) 

(g/cm^) 

(% Theoretical) 

Loss (%) 

Parameter 

434L 

0 678 

2.0784 

0 766 

6 65 

84 60 

1 34 

0 40 

434L-0.3FeB 

0.762 

2.3553 

0.764 

6 72 

85.75 

1 29 

0 43 

434L-0.6FeB 

0 770 

2 3932 

0 768 

6 71 

85 37 

1 24 

0.37 

434L-0.9FeB 

0.524 

1.6175 

0 766 

6.70 

85 33 

1 44 

0 39 

434L-1.2FeB 

0.710 

2.2161 

0.760 

6 88 

87 64 

1 46 

0.48 


0.692 

2.0937 

0 750 

6 85 

87.15 

1.63 



0.618 

1.9405 

0.764 

6.85 

87.23 

1.45 

0 47 

HBlIllHH 

0.646 

2.0022 



85 72 

1.26 

0.41 



1 7248 

0 768 

6.77 

86.24 

1 24 

0.38 


0.669 


0 774 

6 61 

83 89 

1 32 

031 

434L-2CU- 

0.3FeB 

0.526 

1.6493 

0 772 

6 70 

85.03 

1 54 

0,33 

434L-2CU- 

0.3NiB 

0 660 


0.771 

6 69 

84 89 

1 49 

0 34 
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Appendix-II 

Experimental data for green samples of 434L and with additives before sintering 

at 1400OC 


Composition 

Height 

Weight 

Diameter 

Density 

Density 

(wt%) 

(cm) 

(gm) 

(cm) 

(g/cm*^) 

(% Theoretical) 

434L 

0.858 

2 5485 

0.806 

5.82 

73.17 

434L-0 3FeB 

0.956 

2.8313 

0.806 

5.81 

73.01 

434L-0.6FeB 

0.558 

1.658 

0.806 

5.83 

73 20 


0 548 


0.806 

5 91 

74 33 

434L-1.2FeB 

0.560 

1.6597 

0.806 

5 81 

73 07 

434L-0.3NiB 

0.834 

2.5099 

0 806 

5 90 

74 19 

434L-0.6NiB 

0.496 

1.4898 

0 806 

5.89 

73.82 

434L-0.9NiB 

0.492 


0 806 

5 92 

mam 

434L-1 2NiB 

0506 

1.5225 

0 806 

5 91 

74.11 

434L-2CU 

0.471 

1.4386 

0 806 

5 99 

76.02 

434L-2Cu-0.3FeB 

0 580 

1.8359 

0 806 

6.20 

78 68 

434L-2Cu-0.3NiB 

0602 

1.8792 

0.806 

6.12 

77 66 

434L-2Cu-0.3FeB- 

lYAG 

0.716 

2.3318 

0.806 

6 38 

81.48 

434L-2Cu-0.3NiB- 

lYAG 

0.553 

1 8104 

0 806 

6 42 

81.99 
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Experimental data for the samples of 434L and with additives after sintering at 

1400°C 


Composition 

Height 

Weight 

Diameter 

Density 

Density 

Weight 

Densification 

(wt%) 

(cm) 

(gm) 

(cm) 

i^cra) 

(% Theoretical) 

Loss (%) 

Parameter 

434L 

0.804 

2 5087 

0.746 

7 14 

90 84 

1 56 

0 62 

434L-0.3FeB 

0.900 

2 7900 

0.752 

6.98 

88 79 

1 46 

0.55 

434L-0.6FeB 

0.526 

1 6477 

0 750 

7 09 

90 21 

0 62 

0.59 

434L-0 9FeB 

0.514 

1.6394 

0 754 

7 15 

91 06 

0 77 

0.60 

434L-1.2FeB 

0.530 



6 88 


0.90 

051 

434L-0.3NiB 

0.786 

2.4815 

0 756 

7 04 

89 56 


0 55 

434L-0.6NiB 

0.466 

1.4695 

0.754 

7.07 

90 03 

1 36 

0 57 

434L-0.9NiB 




wm 

89 41 

1 33 

0 54 

434L-1.2NiB 

0 484 



6 96 

88 66 

1 51 

051 

434L-2CU 

0.446 

1.4247 

0 751 

7 21 

91.50 

0 97 

0 65 

434L-2CU- 

0.3FeB 

0 548 

1 8186 

0 754 

7 43 

94 29 

0 94 

0 73 

434L-2CU- 

0 3NiB 

0 568 

1.8642 

0 752 

7 39 

93 78 

0 80 

0 72 


0 683 


0 762 

7 39 

94 38 

1 32 

0 70 

434L-2CU- 

0 3FeB-lYAG 

0.527 

1 7897 

0.761 

7 47 

95 40 

1 14 

0.75 
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Appendix-III 

Experimental data for green samples of 316L and with additives before sintering 

at 1250®C 


Composition 

(wt%) 

Height 

(cm) 

Weight 

(gm) 

Diameter 

(cm) 

Density 

(g/cm^) 

Density 

(% Theoretical) 

316L 



0.806 

6.66 

82.63 

316L-0.3FeB 

0.532 

1.8394 

0.806 

6.78 

84.12 

316L-0.6FeB 

0.510 

1.7635 

0.806 

6 78 

84.12 

316L-0.9FeB 

0.528 

1 7394 

0.806 

6.46 

80.25 

316L-1.2FeB 

0.520 

1.7059 

0.806 

6.43 

79 88 

316L-0.3NiB 

0 577 

1.9908 

0 806 

6.76 

83.87 

316L-0.6NiB 

0.520 

1.7429 

0.806 

6.57 

81 61 

316L-0.9NiB 

0.543 


0 806 

6.49 

80 62 

316L-1.2NiB 

0.649 

2.1511 

0 806 

6 50 

80 75 


0.528 

1.8116 

0 806 

6 72 

83 17 

316L-2Cu-0.3FeB 

0.508 

1.7471 

0 806 

6.74 

83 52 

316L-2Cu-0.3NiB 

0.501 

1.7359 

0.806 

6 79 

84.14 
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Experimental data for the samples of 316L and with additives after sintering at 

1250°C 


Composition 

(AVt^o) 

Height 

(cm) 

Weight 

(gm) 

Diameter 

(cm) 

Density 

(g/cm'^) 

Density 

(% Theoretical) 

Weight 

Loss (%) 

Densification 

Parameter 


HI 

HI 



85 48 

0 61 

0 16 

316L-0.3FeB 

0 523 

1.8287 

0 793 

7.08 

87.84 


0 23 

316L-0.6FeB 

0.503 

1 7544 

0.793 

7 06 

87 70 

0 52 

0 22 


HI 




82 60 

0 55 

0 12 

316L-1.2FeB 

0511 

1.6673 

0.789 

6.67 

82 86 

0 59 

0 15 






86 72 

0 58 

0.18 


0.510 

1.7072 

0.792 

6.79 

84 35 

0 54 

0 15 


0.530 

1 7801 

m^mii 


85.34 

0 55 

0 24 




0 789 

6 82 

84 72 

0 57 

021 

316L-2CU 



0.801 

6 83 

84.53 

0 58 

0 08 

316L-2CU- 

0.3FeB 

0.500 

1 7383 

0.799 

6 93 

85 87 

0 50 

0 14 

316L-2CU- 

0.3NiB 

0 495 

1.7263 

0 798 

6 97 

86 37 

0.55 

0 14 
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Appendix-IV 

Experimental data for green samples of 316L and with additives before sintering 

at 1400°C 


Composition 

(wt%) 

Height 

(cm) 

Weight 

(gm) 

Diameter 

(cm) 

Density 

(g/cm^) 

Density 

(% Theoretical) 

316L 

0.768 

2.5861 


6.60 

81.89 

316L-0.3FeB 

0.539 

1.8136 

0.806 

6.59 

81.76 

316L-0.6FeB 

0.631 

2.1326 

0.806 

6.62 

82.24 



2.002 

0.806 

6.41 

79.63 

316L-1.2FeB 

0.700 

2.3029 

0.806 

6.45 

80 12 

316L-0.3NiB 

0.465 

1.5377 

0.806 

6 48 

80 40 

316L-0.6NiB 

0.581 

1.9296 

0.806 

6.51 

80.87 

316L-0.9NiB 

0.626 

2.0618 

0.806 

6.46 

80.25 

316L-1.2NiB 

0.550 

1.8304 


6.52 

80.99 

316L-2CU 

0.786 

2.613 

0.806 

6 52 

80 69 

316L-2Cu-0.3FeB 

0.609 

2.0284 

0.806 

6.53 

80.92 

316L-2Cu-0.3NiB 

0.559 

1.8966 

0.806 

6.65 

82 40 

316L-0.3FeB- 1 

lYAG 

0.587 

1.9937 

0.806 

6 66 

83.25 

316L-0.3NiB- 

lYAG 

0.747 

2.5158 

0.806 

6.60 

82.5 
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Experimental data for the samples of 316L and with additives after sintering at 

1400°C 


Composition 

(wt%) 

Height 

(cm) 

Weight 

(gm) 

Diameter 

(cm) 

Density 

(g/cm^) 

Density 

(% Theoretical) 

Weight. 

Loss (%) 

Densification 

Parameter 

316L 



0.782 

0 716 

88 83 

0 87 

038 

316L-0.3FeB 

0 512 

1.7923 

0.762 

0 768 

95 23 

1 17 

0.74 

316L-0.6FeB 

0.598 

2.1083 

0.764 

0 769 

95.53 

1 14 

0 75 



1 9779 

0 755 

0 749 

93 02 

1 20 

0 66 



2.2724 

0.781 

0 749 

93 00 

1.32 

0 65 

316L-0 3NiB 



0.760 

0.760 

94 29 

1.18 

0 71 


0.555 

1.9105 

0.765 

0.749 

93.04 

0 99 

0 64 

316L-0.9NiB 

0 598 

2 0398 

0.773 

0 742 

92.19 

1 07 

0 60 


0 539 


0 760 

0 741 

92 01 

1 06 

0 58 

316L-2CU 

0 759 

2 5866 

0 781 

0.711 

88 00 

1.01 

0,38 

316L-2CU- 

0 3FeB 

0 586 

2 0025 

0 777 

0 721 

89 34 

1 28 


316L-2CU- 

0 3NiB 

0.540 

1.872 

0 774 

0 737 

91 33 

1.30 

051 

316L-0.3FeB- 

lYAG 

0 547 

1.9730 

0 770 

7 74 

96 75 ■ 


0 81 

316L-0 3NiB- 

lYAG 

0 704 

2.4966 

0 765 

7 71 

96 38 

0 76 

0.79 
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Appendix-V 


Axial and radial dimensions of the 434L samples with additives sintered at 

1250®C 


Before Sintering 


After Sintering 


Axial Radial 


Composition 


Height Diameter Height Diameter Shrinkage Shrinkage 


(cm) (cm) (cm) (cm) 


434L 


434L-0.3FeB 


434L-0.6FeB 


434L-1.2FeB 


434L-0.3NiB 


434L-0.6NiB 


0.708 0.806 I 0.678 I 0.766 I 4.24 


0.804 I 0.806 I 0.762 I 0.764 I 5.22 


0.796 






0 770 0.768 3.27 



0.546 I 0.806 I 0.524 


0.75 0.806 0 710 0.760 I 5 33 


0.703 0.806 0.692 0.750 1 1.56 


0.648 0.806 0.618 0.764 I 4 63 




0 678 0.806 0 646 


434L-1.2NiB 


434L-2CU 


0.566 


434L-2Cu-0.3NiB 0.673 


0 806 


0.806 




0 550 


0.669 


0.526 


0.660 
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Appendix-VI 


Axial and radial dimensions of the 434L samples with additives sintered at 

1400®C 



Before Sintering 

After Sintering 

Axial 

Radial 

Composition 

Height 

Diameter 

Height 

Diameter 

Shrinkage 

Shrinkage 


(cm) 

(cm) 

(cm) 

(cm) 

% 

% 

434L 

0.858 

0.806 

0.804 

0.746 

6.29 

7.44 

434L-0.3FeB 

0.956 

0.806 

0.900 

0.752 

5.86 

6.70 

434L-0.6FeB 

0.558 

0.806 

0.526 

0.750 

5.73 

6 95 

434L-0.9FeB 

0.548 

0.806 

0.514 

0.754 

6.20 

6.45 

434L-1.2FeB 

0.560 

0.806 

0.530 

0.756 

5.36 

6 20 

434L-0.3NiB 

0.834 

0.806 

0.786 

0.756 

5.76 

6.20 

434L-0.6NiB 

0.496 

0.806 

0.466 

0.754 

6.05 

6.45 

434L-0.9NiB 

0.492 

0.806 

0.470 

■■ 


6.70 

434L-1.2NiB 

0.506 

0.806 

0 484 

0.754 

4.35 

6.45 

434L-2CU 

0.471 

0,806 

0.446 

0.751 

5.31 

6.82 

434L-2Cu-0.3FeB 

0.580 

0.806 

0.548 

0.754 

5.51 

6.45 

434L-2Cu-0.3NiB 

0.602 

0.806 

0.568 

0.752 

5.65 

6.70 

434L-2Cu-0.3FeB- 

lYAG 

0.716 

0.806 

0.683 

0.762 

4.61 

5.46 

434L-2Cu-0.3NiB- 

lYAG 

0.553 

0 806 

0.527 

0.761 

4.70 

5.58 
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Appendix-VII 


Axial and radial dimensions of the 316L samples with additives sintered at 

1250OC 



I 


Composition 


316L 


316L-0.3FeB 


316L-0.6FeB 


316L-0.9FeB 


316L-1.2FeB 


316L-0.3NiB 


316L-0.6NiB 


316L-0.9NiB 


316L-1.2NiB 


316L-2CU 


316L-2Cu-0.3FeB 


316L-2Cu-0.3NiB 


Before Sintering 


After Sintering 


Axial Radial 


Height Diameter Height Diameter Shrinkage Shrinkage 

(cm) (cm) (cm) (cm) % % 



0 528 


0.520 


0.577 


0.520 


0.543 


0.528 


0.508 


0.806 

0 581 

0.806 

0.523 

0.806 

0.503 

0.806 

0.521 

0.806 

' 0.511 

0.806 

0.573 

0.806 

0.510 

0.806 

0.530 



0 806 


0 806 



0.636 


0.527 


0.500 


0.495 



0.791 


0.789 


0.793 


0.792 

0.789 


0.801 


0.799 


0.798 
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Appendix-VIII 

Axial and radial dimensions of the 316L samples with additives sintered at 

1400®C 



Before Sintering 

After Sintering 

Axial 

Radial 

Composition 

Height 

Diameter 

Height 

Diameter 

Shrinkage 

Shrinkage 


(cm) 

(cm) 

(cm) 

(cm) 

I 

% 

% 

316L 

0.768 

^ 0.806 

0.746 

0.782 

2.48 

2.98 


316L-0.3FeB 


316L-0.6FeB 


0.539 0.806 0.512 0.762 


0.631 0.806 


0.806 


0.590 




316L-1.2FeB 

0.700 

0.806 

0.678 

0.781 

3.14 

3.10 

316L-0.3NiB 

0.465 

0.806 

0.441 


5.16 

5.71 

316L-0.6NiB 

0.581 

0.806 


4.48 

5.09 


316L-0.9NiB 


0.626 


0.806 


0.598 


0.773 


4.47 


316L-1.2NiB 


0.550 


0.806 


0.539 


0.760 


2.00 


5.71 


316L-2CU 


0.786 


0.806 


0.759 


0.781 


3.44 


3.10 


316L-2Cu-0.3FeB 


0.609 


0.806 


0.586 


0.777 


3.78 


3.60 


316L-2Cu-0.3NiB 


0 559 


0.806 


0.540 


0.774 


3.39 


3.97 


316L-0.3FeB-lYAG 


0.587 


0.806 


0.547 


0 770 


6.81 


4.47 


316L-0.3NiB-lYAG 


0.747 


0.806 


0.704 


0.765 


5.76 


5.09 
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Appendix-IX 

Bulk hardness (HV 2 ) values of the 434L samples with additives 


Composition 

Sintering Temperature 

@1250°C 

1400°C 

Average Value 

Standard 

Deviation 

Average 

Value 

Standard 

Deviation 

434L 

115.6 

2 70 

136.6 

2.61 

434L-0.3FeB 

123.8 

2.17 

134.4 

2.70 

434L-0.6FeB 

124.0 

1 87 

132.6 

2.70 

434L-0.9FeB 

122 0 

2 55 

135.2 

2.28 

434L-1.2FeB 

117.4 

2.96 

134.9 

2.45 

434L-0.3NiB 

121.4 

2 07 

135.8 

2.61 

434L-0.6NiB 

119.0 

2 30 

133.5 

2.54 

434L-0.9NiB 

115.6 

2.58 

134.9 

2.34 

434L-1 2NiB 

118.4 

2.15 

138.7 

2.64 

434L-2CU 

119.2 

2 45 

151.6 

2.41 

434L-2Cu-0.3FeB 

124.0 

2.36 

165.2 

2.17 


125.0 

i 

2.45 

163.6 

2.70 

434L-2Cu-0.3FeB- 

lYAG 

- 

- 

217 

2.70 

434L-2Cu-0.3NiB- 

lYAG 

- 

- 

220 

2.85 

1 
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Appendix-X 

Bulk hardness (HVj) values of the 316L samples with additives 



Sintering Temperature 

Composition 

@1250°C 

@1400°C 


Average Value 

Standard 

Average Value 

Standard 


HV2 

Deviation 

HVa 

Deviation 

316L 

121.8 

2 25 

155.5 

2.45 


126.9 

2.45 

189.2 

2.34 

316L-0.6FeB 

125.6 

2.21 

190.7 

2 23 

316L-0.9FeB 

122.6 

2.34 

185.1 

2.70 

316L-1.2FeB 

124.2 

2.48 

187.6 

2.65 

316L-0.3NiB 

127.6 

2.38 

191.3 

2.64 

316L-0.6NiB 

126.3 

2.44 

192 8 

2 55 

316L-0.9NiB 

122.2 

2.37 

184 5 

2.18 

316L-1.2NiB 

126.3 

2 24 

183.4 

2.35 

316L-2CU 

122.6 

2.31 

165.3 

2.75 

316L-2Cu-0.3FeB 

123.5 

2.70 

164 9 

2.65 

316L-2Cu-0.3NiB 

124.7 

2.65 

163.9 

2.35 

316L-0.3FeB-lYAG 

- 

- 

232 

1 

2.77 


316L-0.3NiB-lYAG 


238 


2.82 
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Appendix-XI 

Microhardness (HVo,oo5) values of the 434L and 316L samples with, additives 


Composition 

Sintering Temperature 

@1250°C 

@1400°C 

Average Value 

HVa 

Standard 

Deviation 

Average Value 

HV2 

Standard 

Deviation 

434L 

84.5 

245 

105.5 

2.75 

434L-2CU 

75.5 

2 65 

100 2 

2.54 

434L-2Cu-0.3FeB 

87.3 

251 

147.8 

2.43 

434L-2Cu-0.3NiB 

89.8 

2 64 

155 8 

2.70 

434L-2Cu-0.3FeB- 

lYAG 

« 

- 

190 5 

2.80 

434L-2Cu-0.3NiB- 

lYAG 

- 

- 

195 6 

2.91 

316L 

85.2 

2.68 

120.6 

2.85 

316L-0.3FeB 

91.8 

2.58 

160 3 

2.84 

316L-0.3NiB 

93.3 

2.64 

165,8 

2.75 

316L-0.3FeB-lYAG 

- 

- 

215.3 

2.93 

316L-0.3NiB-lYAG 

- 


221.2 

2.97 

i 

i 






























